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Abstract 

The potential of a Super Flavor Factory (SFF) for searches of New Physics is reviewed. While 
very high luminosity B physics is assumed to be at the core of the program, its scope for extensive 
charm and r studies are also emphasized. The possibility to run at the T(5S) is also very briefly 
discussed; in principle, this could provide very clean measurements of B s decays. The strength 
and reach of a SFF is most notably due to the possibility of examining an impressive array of 
very clean observables. The angles and the sides of the unitarity triangle can be determined with 
unprecedented accuracy. These serve as a reference for New Physics (NP) sensitive decays such as 
B + — » t + u and penguin dominated hadronic decay modes, providing tests of generic NP scenarios 
with an accuracy of a few percent. Besides, very precise studies of direct and time dependent CP 
asymmetries in radiative B decays and forward-backward asymmetry studies in B — > X s £ + £~ 
and numerous null tests using B, charm and r decays are also likely to provide powerful insights 
into NP. The dramatic increase in luminosity at a SFF will also open up entirely new avenues for 
probing NP observables, e.g. by allowing sensitive studies using theoretically clean processes such 
as B — » X s vv. The SFF is envisioned to be a crucial tool for essential studies of flavor in the LHC 
era, and will extend the reach of the LHC in many important ways. 
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I. INTRODUCTION 

The term flavor was first used in particle physics in the 
context of the quark model of hadrons. It was coined in 
1971 by Murray Gell-Mann and his student at the time, 
Harald Fritzsch, at a Baskin-Robbins ice-cream store in 
Pasadena. Just as ice-crea m has both color and flavor so 
do quarks (|Fritzschl . 120081 ). 

Flavor physics denotes physics of transitions between 
the three generations of Standard Model (SM) fermions. 
With the LHC startup around the corner, why should one 
pay attention to these low energy phenomena? For one 
thing, flavor physics can probe new physics (NP) through 
off-shell corrections, before the NP particles themselves 
are produced in energy frontier experiments. As a his- 
toric example, the existence of the charm quark was pre- 
dicted fro m the suppress i on of Kl before its 
discovery (jGlashow et all Il970j), while its mass was suc - 
cessfully predicted from ArriK (|Gaillard and Led . I1974T ). 
Flavor physics is also intimately connected with the ori- 
gin of fermion masses. In the limit of vanishing masses 
the flavor physics is trivial - no intergenerational tran- 
sitions occur since weak and mass eigenbases trivially 





FIG. 1 95% confidence level constraints on parameters p and 
f\ in the Wolfenstein parametrization of the CKM matrix. 
Left: present constraints, right: with errors shrunk to the 
size expected at a SFF while tuning central value s to have 
compatible constraints [from ([Browder et al.l . 120071 )]. 



coincide. It is only the mismatch of weak and mass 
eigenbases (or the mismatch between the bases in which 
gauge and Yukawa terms are diagonal) that makes fla- 
vor physics interesting. In the quark sector of SM this 
mismatch is described by a single unitary matrix - the 
Cabibbo-Kobayashi-Maskawa (CKM) matrix. Finally, 
CP violation is closely related to flavor physics. A strong 
argument for the existence of new sources of CP viola- 
tion is that the CKM mechanism is unable to account for 
the observed baryon a symmetry of the un iverse (BAU) 
through baryogenesis (|Gavela et all fl994f ). This points 
at NP with new sources of CP violation in either the 
quark or lepton sector (th e latte r pote ntially related to 
the BAU via leptogenesis (|Uhlid . [20071 ) ). It is therefore 
important to investigate the BAU by studying CP viola- 
tion in both quark and lepton sectors (see below). 

In the past ten years, due to the spectacu- 
lar performance of the two £?-factories, a mile- 
stone in our understanding of CP violation phe- 
nomena was reached. For the first time , de- 
tailed experiments, BaBAR ( Aubert et all l2002h and 
Belle ( Abashian et allhoO'j) . provided a striki ng confir- 
mation of the CKM-paradigm of CP v iolation ([Cabibbol 
119631 : iKobavashi and Maskawal Il973l ). The Kobayashi- 
Maskawa model of CP-violation, based on three families 
and a single CP-odd phase, is able to account for the 
observed CP violation in the B system, as well as that 
in the K system, to an accuracy of about 20%, as shown 
in Fig. HI dBona et al. | j2006bL [20075 ICharles et al. , 2005; 
iLunghi and Sonil . 120071 )7" The impressive gain in preci- 
sion on CKM constraints that is expected at a SFF is 
also shown in Fig. [TJ 

While we celebrate this remarkable agreement it is im- 
portant to note that increasing the accuracy of CKM 
tests brings more than just an increased knowledge of 
fundamental CKM parameters. Once NP particles are 
observed at LHC, flavor physics observables will provide 
a set of independent constraints on the NP Lagrangian. 
These constraints are complementary to the measure- 
ments that are performed at high px processes - i.e. they 
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provide a complementary constraint on the combination 
of couplings, mixing angles and NP masses and become 
much more powerful once NP mass spectra are already 
measured. However, to be relevant for TeV processes, 
high precision is needed. But, how precise is precise 
enough? The answer depends on the NP flavor chang- 
ing couplings. Taking as a conservative benchmark the 
case of minimally flavor violating NP that has couplings 
to SM fermions comparable to weak gauge couplings, the 
present results from B factories allow for masses of NP 
particles below ~ 100 GeV. After completion of the Super 
Flavor Factory (SFF) progr am this limit would be pushe d 
to - 600 GeV (|Bona et all l2007ri iBrowder et aLl . l2007l ). 
illustrating the complementarity of LHC and SFF reach. 1 
Let us elaborate a bit more on this important point. 
The NP constraints depend on both NP couplings to SM 
quarks and the NP masses and the two cannot be disen- 
tangled. An important set of flavor physics observables 
useful for NP searches are those from processes that pro- 
ceed through flavor changing neutral currents. These are 
loop suppressed in the SM, and hence NP contributions 
are easier to detect than in charged flavor changing tran- 
sitions that occur at tree level in the SM. Let us take 
as an explicit example corrections to the AF = 2 pro- 
cesses, i.e. to K°-K° : B°-B° and B°-B° s mixing. The 
corresponding SM weak Hamiltonian has a form 



He 



ICo 
4 A 2 , 



v t *v tJ )[d L aA 



(i) 



where Co is a Wilson coefficient that is of order 0(1), 
Aq = Airmw/g 2 — 2.5 TeV is the appropriate scale for 
a loop suppressed SM process, and dij are the down 
quark fields d, s,b. For simplicity let us also assume that 
NP leads to the effective operator with the same Dirac 
structure as in the SM, so 
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(2) 



If NP couplings do not have any flavor structure, then 
Cnp ~ 0(1), while Anp corresponds roughly to the NP 
particles' masses, if these are exchanged at tree level. In 
this case the NP masses are well above the weak scale. 
For instance, present measurements exclude 0(1) correc- 



tions to the B® 
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B^ mixing, from which 
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ztA 2 > A 2 
4A o a np (3) 

=> A NP > 500 TeV, 



For B® — B® and K° — K° mixings the corresponding 
Anp scales are 100 TeV and 10 4 TeV, respectively. The 



1 Note that the generic MFV scenario of weakly coupled NP is 
not the most conservative scenario. The SFF constraint can be 
avoided, if c ouplings to SM fe r mions are further suppressed (see, 
for instance, I Grossman et al. (20073).) 



fact that these scales are much larger than the weak scale 
~ mw is known as the NP flavor problem. 

If new physics particles with mass M are exchanged at 
tree level with 0(1) coupling constants, then Anp ~ M. 
This excludes new physics with general flavor violation 
structure at the energies accessible at the LHC. This 
conclusion holds even if new physics particles are ex- 
changed only at 1-loop order, where Anp ~ 4irM/g^ p . 
For <7np ~ g even the weakest bound from the B° s — B° 
system still leads to new physics particles with masses 
> 7 TeV. 

In other words, if the hierarchy problem of the Stan- 
dard Model is resolved by adding more particles near the 
electroweak scale, this extended sector must have a non- 
generic flavor structure. Having completely flavor blind 
new physics is unnatural since the SM already contains 
flavor violation in the Yukawa couplings. The minimal 
possibility for the NP contribution of Eq. ([2]) is that the 
NP flavor violation comes only from the SM Yukawa cou- 
plings. This is the assumption underlying Minimal Fla- 
vor Violation (MFV); see Section llTLBl The NP contri- 
bution of Eq. ^ then obeys the same CKM hierarchy as 
the SM contribution of Eq. {!]) and can be rewritten as 



A NP 



(4) 



In this case not observing 0(1) effects from NP in the 
flavor transitions translates to Anp > Ao ~ 2.5 TeV. If 
NP contributions are loop suppressed (as those from the 
SM are), then this bound translates to a relatively weak 
bound M > mw (if g^p ~ g). 

We see that in this minimal scenario, where no new 
mechanisms of flavor violation beyond those already 
present in the SM are introduced in the NP sector of the 
theory, one requires precision measurements of B physics 
observables to have results that are complementary to 
the measurements of NP spectrum at the LHC. In par- 
ticular, as already mentioned, taking <?np ~ g with NP 
contributing at 1-loop then SFF precision translates to 
a bound on NP masses of ar ound 600 GeV ( Bona et~al\ . 
l2007bl : IB rowder et 

Another very powerful probe of NP effects are mea- 
surements of CP violating observables. Extensions of 
the SM generically lead to new sources of CP-odd phases 
and /or new source s of flav or breaking [for a review see, 
e.g. lAtwood et all ( 2001al )]. An elementary example is 
provided by the SM itself. While a two-generation ver- 
sion of the SM does not exhibit CP violation, a single CP- 
odd phase in the CKM matrix occurs very naturally as 
a consequence of the third quark family. Beyond the SM 
the existence of new CP odd phases can be seen explicitly 
in s pecific ext e nsions such as t wo Higgs doublet mod- 



els (ILe( 1 119731: IWeinberd. Il976ft. the left-right symmet - 
ric model (|Kiers et a/.l. 120021: iMohapatra and Patilll975l ). 



low energy SUSY (jGrossman et aLl.ll998f) or models w ith 



warped extra dimensions (jAgashe et all |2004 l2005bl ) 



Furthermore, while i?-factory results have now es- 
tablished that the CKM-paradigm works to good accu- 
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racy, as more data has been accumulated some possi- 
ble indications of deviations from the SM have emerged. 
These include the small "tension" between the di- 
rect an d indirect determinations of sin 2/3, as seen in 
Fig, m dBona et all l2006bL 120074 ICharles et all . 120051: 
Lunghi an d Sonil . 120071 ^7 as well as the famous trend for 
sin 2/3 from hadronic b — > s penguin dominated decays to 
be below that from b — > c tree dominated decays. While 
these measurements do not yet show compelling evidence 
for NP, the results are quite intriguing - it is also note- 
worthy that the discrepancy between sin 2/3 from penguin 
dominated modes and from th e indirect determinatio n 
(i.e. from the SM fit) is larger (jLunghi and Sonil . l2007t ). 
Several other measurements in penguin dominated de- 
cays show possible indications of NP that are, unfortu- 
nately, obscured by hadronic uncertainties. Whether or 
not the currently observed effects are due to the interven- 
tion of NP, this illustrates that these processes provide a 
sensitive tool to search for NP. Thus, it is all the more 
important to focus on theoretically clean observables, for 
which hadronic uncertainties cannot cloud the interpre- 
tation of possible NP signals. In most cases this requires 
a significant increase in statistics, and therefore will only 
be possible at a SFF. 

A key strength of a SFF is that it offers the oppor- 
tunity to examine a vast array of observables that allow 
a wide range of tests of the SM and sensitively probe 
many NP models. In order to achieve this core physics 
program, it will be necessary to accumulate 50—100 ab _1 
of integrated luminosity after a few years of running, cor- 
responding to an increase of nearly two orders of magni- 
tude over the final data samples available at the current 
B-factories. It is important to stress that not only will a 
SFF enable exciting B physics, it will also provide over 
5x 10 10 charm hadron and r lepton pairs, enabling power- 
ful studies of NP effects in the up-type quark and lepton 
sectors. The breadth of precision tests in a wide range of 
clean observables that are excellent probes of NP is an 
extremely important aspect of the SFF proposal. 

While expectations for the SFF performance are based 
on the successes of the current B-factories, it is impor- 
tant to emphasise that the huge increase in statistics will 
provide a step change in the physics goals and in NP sen- 
sitivity. The program will include not only much more 
precise studies of NP-sensitive observables for which ini- 
tial studies have already been carried out (e.g. b — > sg, 
b — > S7 and b — > s£ + £~ penguin dominated processes), 
but will also include channels that have either barely been 
seen, or which, at their SM expectations, are beyond the 
capabilities of current experiments (e.g. b — > d penguin 
dominated processes, b — > svv decays). Clean studies of 
several interesting inclusive processes will become pos- 
sible for the first time. Furthermore, for some channels 
with very small SM expectations, positive searches would 
provide unambiguous NP signals (e.g. lepton flavor vi- 
olating r decays, CP violation in charm mixing and/or 
decays, b — > dds decay s) etc. These provide exa mples of 
numerous "null tests" ( Gershon and Sonil . l2007t ) that are 



accessible to a SFF. It is notable that much of the SFF 
program will use the recoil analysis technique, that takes 
advantage of the e + e~ — * T(4S) — > BB production chain 
to provide kinematic constraints on unreconstructed par- 
ticles. This is of great importance since it allows mea- 
surement of theoretically clean processes with typically 
low experimental backgrounds. 

In Section II we begin with a very brief discussion of de- 
sign issues for the new machine(s), Section III presents a 
review of NP effects in FCNC processes. For illustration 
we discuss three class of NP scenarios that are very pop- 
ular: Minimal Flavor Violation (MFV), Minimal Super- 
symmetric Standard Model and models of warped extra 
dimensions. We then discuss (Section IV) the prospects 
for improved determinations of the angles of the UT 
by "direct measurements" through the cleanest methods 
that have been devised so far. Section V briefly reviews 
the determination of the sides of the UT. We then dis- 
cuss the time dependent CP asymmetry measurements 
in penguin-dominated modes (Section VI) that have been 
the focus of much attention in the past few years, followed 
by a section on null tests (Section VII). Section VIII is 
devoted to the powerful radiative B decays; here we dis- 
cuss both on-shell photonic b — > sj as well as b — ► sll in 
several different manifestations. Sections IX is devoted to 
a very brief presentation of highlights of B s physics possi- 
bilities at a SFF. Sections X and XI deal with charm and 
t physics potential of a SFF. Section XII briefly discusses 
how the SFF and LHCb efforts complement each other 
in important ways and Section XIII is the Summary. 



II. DESIGN ISSUES 

A. Machine design considerations 

Quite recently, two different designs for a Super Fla- 
vor Factory (SFF) have eme rged. The SuperKEKB de- 
sign ([Hashimoto et all 120041 ) is an upgrade of the exist- 
ing KEKB accelerator with expected peak instantaneous 
luminosity of 8 x 10 35 cm _2 s _1 . This is achieved by 
increasing the beam currents, while reducing the beam 
sizes and improving the specific luminosity with crab cav- 
ities that provide the benefits of effe ctive head-on colli- 
sions with a nonzero crossing angle (lAbe et all l2007gt 
lAkai and Morital 120031 : foide and Yokoval 1 19891 ). While 
this is a conventional upgrade scenario, it presents sev- 
eral challenges, particularly related to higher order mode 
heating, collimation and coherent synchrotron radiation. 
A great deal of effort has gone into understanding and 
solving these proble ms including prototypes (for a de- 
tailed discussion, see lHashimoto et al\ (2004)). 

The SuperB design (jBona et all l2007cl ) uses a com- 



pletely different approach to achieve a peak instanta- 
neous luminosity in excess of 10 36 cm~ 2 s -1 . The basic 
idea is that high luminosity is achieved through reduction 
of the vertical beam size by more than an order of magni- 
tude, rather than by increasing the currents. With such 
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TABLE I Comparison o f some of the key p aram- 
eters of the SuperKEKB (jHashimoto et all 120041 ) and 
SuperB (jBona et all 120073 ) designs. 



Parameter 


SuperKEKB 


Super B 


Beam energies (e + / e~ , GeV) 


3.5/8 


4.0/7.0 


Beam currents (e + / e~ , A) 


9.4/4.1 


2.3/1.3 


Bunch size {a% / Oy, nm) 


42000 / 367 


5700 / 35 


Bunch length (cr z , mm) 


3 


6 


Emittance (e x / e y , nm-rad) 


9/0.045 


1.6/0.004 


Beta function at IP (/3 X / /3y, mm) 


200/3 


20/0.3 


Peak luminosity (10 36 cm 2 s _1 ) 


0.8 


> 1 


Wall power (MW) 


83 


17 



small emittance bea ms, a large crossing angle ( Hiratal . 
1 1995k iPiwinskil . Il977l ) is necessary to maintain beam sta- 
bility at the interaction point. Any degradation in lumi- 
nosity due to the cr ossing angle is re c overe d with a "crab" 
of the focal plane (jRaimondi et all 120071 ). The Super B 
design could be built anywhere in the world, though the 
most likely home for this facility is a green field site on 
the Tor Vergata campus of the University of Rome. 

Some of the key parameters of the SuperKEKB and 
SuperB machines are compared in Table HI One impor- 
tant number to compare is the wall power, which domi- 
nates the operating costs of the machine. The total costs 
are kept low by recycling as much hardware as possible - 
from KEKB magnets and the Belle detector in the case of 
SuperKEKB, and from PEP-II hardware and the BABAR 
detector in the baseline design for SuperB. 

Aside from high luminosity - the higher the better - 
there are several other desirable features for a SFF to pos- 
sess. Although the physics goals appear to be best served 
by operation primarily at the T(4S) resonance, the abil- 
ity to change the centre-of-mass energy and run at other 
T resonances, and even down to the tau-charm thresh- 
old region (albeit with a significant luminosity penalty), 
enhances the physics capabilities of the machine. The 
possibility to run with at least one beam polarized would 
add further breadth to the physics program. 

It is also important that the clean experimental en- 
vironment enjoyed by the current B factories must be 
achieved by a SFF. How to achieve high luminosity while 
retaining low backgrounds is a challenge for the design of 
the machine and the detector, since the brute force ap- 
proach to higher luminosity - that of increasing the beam 
currents - necessarily leads to higher backgrounds. To 
some extent these can be compensated for by appropriate 
detector design choices, but in such cases some compro- 
mise between luminosity and detector performance (and 
hence physics output) may be anticipated. 

The background level in the detector depends on sev- 
eral factors. One of these is the luminosity itself, and 
higher luminosity unavoidably leads to larger numbers of 
physics processes such as radiative Bhabha scattering and 



e + e~ pair production. Other terms depend on the beam 
current. For example, synchrotron radiation is emitted 
wherever the beam is steered or bent, some of which in- 
evitably affects the detector in spite of careful design 
and shielding of the interaction region. Another term 
that depends on the current arises from so-called beam 
gas interactions. Although the interior of the beam pipe 
is maintained at high vacuum, radiation from the beam 
will interact with material in the beampipe and cause 
particles to be emitted - these in turn can be struck di- 
rectly by the beam particles. Consequently this term de- 
pends quadratically on the current. The beam size is an- 
other consideration that has an impact on backgrounds. 
As the beams become smaller the particles within them 
are more likely to undergo intrabeam scattering effects. 
These include the Touschek effect, in which both parti- 
cles involved in an intrabeam collision are ejected from 
the beam. For very small emittance beams, the loss of 
particles can be severe, leading to low beam lifetimes. 
The achievement of meeting the challenges of maintain- 
ing manageable backgrounds and beam life times repre- 
sents a milestone for SFF ma chine design ( Bona et all 
l2007d: iHashimoto et al. L I2004D . 

A related issue pertains to the asymmetry of the beam 
energies. To obtain the optimal asymmetry, several fac- 
tors must be taken into account. From the accelerator 
design perspective, more symmetric beam energies lead 
to longer beam lifetimes and potentially higher luminosi- 
ties. However, a certain degree of beam asymmetry is 
necessary in order to measure time-dependent CP asym- 
metries, and these are an important part of the physics 
program of the SFF, as discussed below. An equally im- 
portant part of the program, however, relies on measure- 
ments that benefit from the hermeticity of the detector 
in order to reconstruct decay modes with missing par- 
ticles, such as neutrinos. Thus the physics considera- 
tions are subtly different from those that informed the 
design choices for the current B factories, and a some- 
what smaller asymmetry than either BABAR (9.0 GeV e~ 
on 3.1 GeV e+) or Belle (8.0 GeV e" on 3.5 GeV e+), 
may be optimal. However, a change in the beam ener- 
gies would require the design of the interaction region, 
and to a lesser extent the detector, to be reconsidered. 
In order to be able to reuse components of the existing 
detectors in the final SFF, as discussed below, it would 
be prudent to keep the asymmetry similar to those in 
successful operation today. However, preliminary stud- 
ies indicate that either BABAR or Belle detectors could 
quite easily be modified to operate with beam energies 
of 7 GeV on 4 GeV. 



B. Detector design considerations 



The existing B factor y detectors (jAbashian et all 
l2002t lAubert et all |2002[ ) provide a very useful base- 
line from which to design a SFF detector that can pro- 
vide excellent performance in the areas of vertex resolu- 
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tion, momentum resolution, charged particle identifica- 
tion (particularly kaon-pion separation), electromagnetic 
calorimetry and close to Air solid angle coverage with high 
efficiency for detection of neutral particles that may oth- 
erwise fake missing energy signatures (particularly K\ 
mesons). However, some upgrades and additions are nec- 
essary. 

As it is desirable to operate with reduced beam en- 
ergy asymmetry compared to the current B factories, 
improved vertex resolution is necessary in order to ob- 
tain the same performance in terms of cAt = Az/(P"f) 7 
where (^7) is the Lorentz boost factor of the T(4S) in 
the laboratory frame. 2 In fact, it is highly desirable to 
improve the performance further, since results from the 
current B factories have demonstrated the utility of ver- 
tex separation as a powerful tool to reject backgrounds. 
The ultimate resolution depends strongly on the proxim- 
ity of the inner layer to the interaction point. For ref- 
erence, the radii of the innermost layers of the existing 
BABAR and Belle vertex detectors are 30 mm an d 20 mm 
respectively (jAihara et all 120061: iRe et a/.l . l2006D . To po- 



sition silicon detectors close to the interaction region re- 
quires careful integration with the beampipe design, and 
a choice of technology that will not suffer from high oc- 
cupancy. 

While the inner radius of the vertex detector is of 
great importance for almost all measurements that will 
be made by a SFF, the outer radius has a large impact 
on a subset of channels, namely those where the B decay 
vertex position must be obtained from a Kg meson (typ- 
ically B° -> K s n°, B° -> K s n°j and B° -> K° S K S K%). 
The existing BABAR and Belle vertex detectors have outer 
radii of 144 mm and 88 mm respectively, and the former 
appears to be a suitable choice for a SFF. A larger outer 
radius for the silicon detector has a useful consequence 
in that the tracking chamber, which can be based on 
a gaseous detector, does not have to extend too close 
to the interaction region where the effect of high back- 
grounds would be most severe for this detector. There- 
fore, assuming the same magnetic field (1.5 T) as BABAR 
and Be lle, similar momentum resolution would b e ex- 
pected (jBona et all l2007d: IHashimoto et all 120041) . 

The choice of particle identification technology for a 
SFF presents some challenges. At present, Belle achieves 
good K—tt separation through a combination of measure- 
ments from time-of-flight and aerogel Cherenkov coun- 
ters. Some upgrades are necessary to cope with the 
SFF physics demands and environment. For an upgrade 
based on BABAR, the existing technology using detection 
of internally reflected Cherenkov light appears almost ir- 
replaceable for the barrel, though this requires a novel 
imaging and readout scheme. Possibilities for particle 



identification capabilities in both forward and backward 
regions are also being considered. 

The high efficiency to reconstruct photons is one of 
the significant advantages of a SFF compared to exper- 
iments in a hadronic environment. The existing electro- 
magnetic calorimeters of BABAR and Belle (and indeed of 
CLEO) are based on CsI(Tl) crystals; studies show that 
technology can perform well at higher rates in the barrel 
region. However, in the endcaps where rates are high- 
est alternative solutions are necessary. Various options, 
includ ing pure Csl crysta l s or LYSO are un d er con sider- 
ation (|Bona et all l2007d: IHashimoto et all 12004ft . Im- 
provements to the calorimeter solid angle coverage and 
hence hermeticity would benefit the physics output (espe- 
cially for an upgrade based on the BABAR detector, which 
does not have a backward endcap calorimeter). 

Another important consideration with respect to de- 
tector hermeticity is the detection of K\ mesons, which 
if unreconstructed can fake missing energy signatures. 
Both BABAR and Belle have instrumentation in their mag- 
netic flux returns which allows the detection of show- 
ers that initiate in the yoke, that may be associated 
with tracks (as for muons) or with neutral particles 
(Kl mesons). The efficiency depends on the amount 
of material in the flux return, while the background 
rates generally depend on radiatio n coming from up- 
and down-stream bend ing magnets (jBona et al. , 2007c; 
IHashimoto et all |2004| ). Both of these problems appear 
well under control for operation. 

Finally, it is important to note that the extremely high 
physics trigger rate will present some serious challenges 
for data acquisition and computing. However, in these 
areas one can expect to benefit from Moore's Law and 
from the distributed computing tools that are under de- 
velopment for the LHC. Thus there is no reason to believe 
that these challenges cannot be met. 

To summarize, there exist two well-developed propos- 
als and approaches to achieving the luminosity and per- 
formance required for the measurements of NP in flavor 
(|Bona et all l2007d: IHashimoto et all l2004f l . 



2 The use of the symbols /3 and 7 here is unrelated to their use 
to represent angles of the Unitarity Triangle or, in the case of /3, 
the ratio of Higgs vacuum expectation values. 



III. NEW PHYSICS AND SUPER FLAVOR FACTORY 

A Super Flavor Factory offers a variety of observ- 
ables sensitive to NP such as rare B decays, CP asym- 
metries, lepton flavor violation, etc. To gauge their 
sensitivity to NP we review in this section several ex- 
amples of NP models whose imprint in flavor physics 
has been extensively discussed in the literature: the 
model independent approach of Minimal Flavor Viola- 
tion, two Higgs doublet models, low energy SUSY mod- 
els and extra dimensions. This list is by no means ex- 
haustive. Other beyond the SM extensions not cov- 
ered in this section have interesting flavor signals as 
well, fo r instance lit t le Hig gs models with conserved T 
parity (|Blanke et al\ . I2007a8bl : ICheng and Lowl 120031) or 
the recent idea of "Unparticle Physics" (jGeorgil . 120071 ) - 



a possible nontrivial scale invariant sector weakly cou- 
pled to th e SM that coul d also have flavor violating 
signatures (Chen and Gend. 120071: iHuang and Wul. l2007t 



iLend . l2007tTMohanta and Giril. 120071 IZwickvL l2007h [see 
however the comments in (jGrinstein et all 120081 )]. 



W 




s b 



A. Effective weak Hamiltonian 

The weak scale // wea k ~ m w and the typical energy 
scale //low of the low energy processes occurring at SFF 
are well separated. For instance, the typical energy scale 
in B decays is a few GeV, about a factor ~ 50 smaller 
than mw- This means that using OPE the effects of 
weak scale physics can be described at low energies by 
a set of local operators, where the expansion parameter 
is //low //•* weak- The matching onto local operators is per- 
formed by integrating out the heavy fields - the top, the 
massive weak gauge bosons, the Higgs boson, and the 
possible new physics particles. At low energies one then 
works only within the effective field theory (EFT). 

For example, the SM effective weak Hamilt onian for 
AS = 1 B transitions is (jBuchalla et all Il996h 



r 10,7 7 ,8g 

Hw = 7M £ aW(c 1 o?+c 2 o£+ cio<). (5) 

v p— u,c i— 3 

(s) 

where the CKM factors are A p = V p bV* s and the stan- 
dard basis of four-quark operators is 



°i = (pb)(sp)-, O v 2 = (ppb a )(s a pp)-, 
03,5 = (sb)(qq) T , 04,6 = (s a bp)(qpq a )zf, 



7 ,9 = ^ L (sb)(qq)±, 



O, 



3e Q 



(6) 



8,10 



{s a bp){qpq a )±, 



with the abbreviation (g^ (1- 75)92) (<?37 M (lT 75) <?4) = 
(9i92)(<73<Z4)=f- The color indices a, (3 are displayed only 
when the sum is over fields in different brackets. In the 
definition of the penguin operators O3-10 in Eq. ^ there 
is also an implicit sum over q — {u,d, s,c,b}. The elec- 
tromagnetic and chromomagnetic operators are 



O 



{77,89} 



} = -^su^{eF llv ,gG lxv }P R b, 



with Pl.r = 1 T 75: while the e ffective Hamiltonian f or 
b — > s£ + £~ contains in addition (jGrinstein et all Il989h 

Q{M,1M} =^2(^{^l5}£)(s^P L b) . (8) 

These two operators arise at 1-loop from matching the 
W and Z box and penguin diagrams shown in Fig. [2] 
The operator Qioi is RG invariant to all orders in the 
strong coupling, while the operator Qg£ mixes with the 
four-quark operators Qi,...,6 already at zeroth order in 
a s . Similarly, the operator for b — ► svv transition in SM 
is 



On, = 



4-7T 2 sin 9w 



{ui^P L y){si^P L b) . 



(9) 



FIG. 2 Sample diagrams contributing to the matching for 
b — > s£ + £~ at one-loop order. 



The weak Hamiltonian for AS = 05 decays is ob- 
tained from Eqs. ©-(CO) through the replacement s — > 
d, while for K decays another b — > s replacement is 
needed. B-B mixing is governed in the SM by Qab=2 = 
(bd)-(bd)^, with analogous operators for B s -B s , K-K 
and D-D mixing. 

The Wilson coefficients Ci(//) are determined in a two- 
step procedure. After matching at the high scale /t/j ~ 
raw, they are RG evolved down to the low scale. For 
brevity we will discuss here only the case of B decays, 
where the low scale is of the order // ~ mj,. 

The weak scale perturbative matching is performed in 
a mass-independent scheme such as M S, giving the Wil- 
son coefficients expanded in a s (fj,f l ) and a: em (///j) 



4tt 



(10) 

At tree level all Wilson coefficients vanish apart from 



a 



,p(0) 



1. The matching calculation includes both hard 



gluon and electroweak loop effects. 

The Wilson coefficients are evolved from ///, down to a 
typical hadronic scale // ~ by solving the Renormal- 
ization Group Equation (RGE) 



^iM) = (7) T 0(M), 



(11) 



where the anomalous dimension matrix is also expanded 



7 



4tt 7s 



(4rr) 



(1) 



a. 
4tt 



em „( ) 
I em 



(12) 



The solutions of the RGE are renormalization-scheme 
and renormalization-scale invariant to any given order 
only provided that the orders in matching and run- 
ning are chosen appropriately. Keeping the tree level 
matching C- and the one-loop order anomalous di- 
mension matrix yields the so-called leading-log ap- 
proximation (LL) for the Wilson coefficients. For in- 
stance the LL values for tree and QCD penguin op- 
erators, i = 1,...,6, are Ci(fi = 4.8 GeV) = 
{-0.248,1.107,0.011,-0.025,0.007,-0.031}. The next- 
to-leading approximation (NLL) corresponds to keep- 
ing the one-loop matching conditions Cj 1 ' and the two- 
loop anomalous dimension matrix 7^, and so on. The 
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NLL values for i = 1, . . . , 6 axe d(fi = 4.8 GeV) = 
{-0.144, 1.055, 0.011, -0.034, 0.010, -0.039} . 

Note that for higher loop calculations it has become 
customary to use a different operator basis than that 
of Eq. ©. In the basis introduced by IChetvrkin et al\ 
(1997|), 75 does not appear explicitly (except in the mag- 



netic operators), which allows a use of dimensional regu- 
larization with fully anticommuting 75, simplifying mul- 
tiloop calculations. The present status of the coefficients 
entering the RGE is as follows. 

The two-loop matching corrections t o the Wilson 
coeffic ients Ci(nh) were computed by iBobeth et all 
(2000). The three-loop matching correction to the co- 



efficient of the dipole operator Cjj ^ h) wa s recently ob- 
tained by iMisiak and Steinhause i (|2004h . The lead- 
ing 2-loop electroweak corrections to the Wilson co- 
effi cient of the dipole ope r ator C7 were computed 
by ICzarnecki and Marcianol ( 1998h . while the leading 
electromagnetic logs a em a™ log " +1 (m\y /?n&) were re- 
summ e d for this coefficient in Baranowski and Misiakl 
(|2000h : [K agan and Neubertl (|l999fh A~ complete two- 
loop mat ching of the electroweak correctio ns was per- 
formed bv lGambino and Haisch (2000. l200lh . The three- 
loop anomalous dimension matrix of the four-quark op - 
erators was compute d in iGorbahn and Haischl ( 20051) : 
iGorbahn et all (l2005h . 

The presence of new physics (NP) has several effects 
on the form of the effective Hamiltonian in Eq. ©. First, 
it shifts the values of the Wilson coefficients away from 
the SM values 



(13) 



Note that the NP contribution to the Wilson coefficient 
may not obey the CKM hierarchy of the SM term, and 
can also depend on new weak phases. Second, NP con- 
tributions can also enlarge the basis of the operators, for 
instance by introducing operators of opposite chirality to 
those in Eq. ([5]) , or even introducing four quark operators 
with scalar interactions. We will discuss the two effects 
in more detail in the subsequent subsections, where we 
focus on particular NP models. 



B. Minimal Flavor Violation 

In SM the global flavor symmetry group 

G F = U(3) Q x U(3) Ur x U(3) Dr x U(3) Ll x U(3) Er (14) 

is broken only by the Yukawa couplings, Yjj, Yd, and Ye 
(with U(l)'s also broken by anomalies). In a generic ex- 
tension of SM, on the other hand, additional sources of 
flavor violation can appear. If the extended particle spec- 
trum is to solve the hierarchy problem (for instance by 
doubling of the spectrum as in MSSM) these new parti- 
cles have to have masses comparable to the electroweak 
scale. This then leads to a clash with low energy flavor 
physics experimental data. Namely, virtual exchanges of 



particles with TeV masses and with completely generic 
flavor violating couplings lead to flavor changing neutral 
currents (FCNCs) that are orders of magnitude larger 
than observed, cf. Eq. ([3]). 

TeV scale NP therefore cannot have a generic fla- 
vor structure. On the other hand, it cannot be com- 
pletely flavor blind either since the Yukawa couplings 
in SM already break flavor symmetry. This breaking 
will then translate to a NP sector through renormal- 
ization group running as long as the NP fields couple 
to the SM fields. Thus, the minimal choice for the fla- 
vor violation in the extended theory is that its flavour 
group is also broken only by the SM Yukawa couplings. 
This is the Minimal Flavor Violation (MFV) hypothesis 



BurasL 120031; iBuras et aLl.l2001bHCh"ivukula and Georg: 



1987t ICiuchini et al. 




1998a; D'Ambrosio et al. 


Hall and Randall, 


19901). 



2002; 



(2002) by promoting the Yukawa couplings to spurions 
that transform under flavor group Gf- Focusing only 
on the quark sector, the transformation properties under 

are 



SU(3) Q x SU(3) Ur x 517(3)1,* 

Y v ~ (3,3,1), 17,(3,1,3) 
so that the Yukawa interactions 

C Y = Q L Y D d R H + Q L Y uUR H c + 



h.c, 



(15) 



(16) 



are now formally invariant under Gf, Eq. (|14p . Above 
we suppressed the generation indices on the left-handed 
quark isodoublet Qi — {uL,d,L)i, on right-handed quark 
isosinglets ur,cIr and on Yukawa matrices Y^d, while 
for the Higgs isodoublet the notation H c = 1T2H* was 
used. Minimally flavor violating NP is also formally in- 
variant under Gf with the breaking coming only from in- 
sertions of spurion fields Yy^u- Integrating out the heavy 
fields (i.e. the NP fields, Higgs, top, W and Z) one then 
obtains the low-energy EFT that is also invariant under 
Gf- 

A particularly convenient basis for discussing transi- 
tions between down-type quarks is the basis in which the 
Yukawa matrices take the following form 



Y D = X l 



Yrr = VUr 



(17) 



Here \d,u are diagonal matrices proportional to the 
quark masses and V is the CKM matrix. In a theory 
with a single Higgs (or in a small tan/3 regime of the 
2HDM or MSSM) one has X D < 1, \ v ~ diag(0,0,l). 
The dominant non-diagonal structure for down-quark 
processes is thus provided by YjjY^ transforming as 
(3 x 3, 1, 1). Its off-diagonal elements exhibit the CKM 
hierarchy (Yj/YJ)^- ~ \^V t *Vtj. Furthermore, multiple 
insertions of YjjYX give (YjjYj 



4r 



\?V t *V tj and are 



thus equivalent to a single Y(jY^ insertion, while multiple 
insertions of Yd beyond leading power can be neglected. 
This makes the MFV framework very predictive. 

The particular realization of MFV outlined above 
is the so-called constrained minimal flavor violation 
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(cMFV ) framework (jBlanke et all 120061 : iBuras et all 
l2001bh . The assumptions that underlie cMFV are (i) 
the SM fields are the only light degrees of freedom in the 
theory, (ii) there is only one light Higgs and (iii) the SM 
Yukawas are the only sources of flavor violation. The NP 
effective Hamiltonian following from these assumptions 



K 



NP 



c 



XP 



A 2 



(VuV tj )Qi, 



(18) 



where Qi are exactly the same operators as in the SM ef- 
fective weak Hamiltonian of Eq. §5§ . [This is sometimes 
taken to be the definition of cMFV (jBlanke et all 120061: 
iBurasl 120031 : IBuras et all l2001bl) ]. Note that Eq. (18]) 
provides a very nontrivial constraint. For instance al- 
ready in two-Higgs doublet models or in MFV MSSM 
even with small tan /?, sizeable contributions from opera- 
tors with non-SM chiral structures in addition to Eq. ([TBI) 
are possible (see next sections). 

In cMFV the Wilson coefficients of the weak opera- 
tors deviate from the SM values, but remain real, so that 
no new sources of CP violation are introduced. In phe- 
nomenological analyses it is also useful to assume that 
NP contributions are most prominent in the EWP Wil- 
son coefficients (Cs,...,io), the dipole operators (CV 7i 8g), 
and the four-fermion operators involving quarks and lep- 
tons (Cgi, C\Qi, C\i u ). The rationale for this choice is 
that the Wilson coefficients of these operators are small 
in the SM, so that NP effects can be easier to spot. In 
contrast, NP effects are assumed to be negligible in the 
tree, 01,2 > and QCD penguin operators, 0a,. ..,6- 

Because cMFV is a very constrained modification of 
the weak Hamiltonian Eq. (|18p . one can experimentally 
distinguish it from other BSM scenarios by looking at the 
correlations between observables in K and B decays. A 
sign of cMFV would be a deviation from SM predictions 
that can be described without new CP violating phases 
and without enlarging the SM operator basis. A devia- 
tion in (3 from B° — > <j)Ks (see Section IVlj) on the other 
hand would rule out the cMFV framework. 

How well one can bound NP contributions de- 
pends both on the experimental and theoretical er- 
rors. The observables in which theoretical errors are 
below 10% have a potential to probe Ajyp ~ 10 
TeV (taking — 1). The most constraining 

FCNC observable at present is the inclusive B — > 
X s ~f rate with the experimental and theoretical er- 
ror both below 10% after the recent (partially com- 
pleted) NNLO calculat i on (TBecher and Neubertj. l2007t 
IMisiak and Steinhauserl l2007t iMisiak et all 120071 ). Us- 
ing older theoretical predictions and experimental data, 
the 99% confidence level (CL) bound is A NP > 6.4(5.0) 
TeV in the cas e of constructive ( destru ctive) interfer- 
ence with SM (|D'Ambrosio et all l2002fh Constraints 
from other FCNC observables are weaker. As an il- 
lustrative example we show in Figure [3] expected Ajvp 
bounds following from observables sensitive to the opera- 
tor {QhYijYuliiQLiiLL^^Li,) for improved experimental 




FIG. 



Expectations for bounds on 



Anp 
from 



for 
rela- 



(QLF £ }Y(77 / iQ_L)(I/L7fiI/L) that would follow 
tive experimental precis ion q re i, with currently expected 
theoretical uncertainties (|D'Ambrosio et all , l2002p . 



precisions [see also (|Bona et all l2006al . l2007bh ] . 

The MFV hypothesi s has been extended to the lep - 
tonic sector (MLFV) in ICirigliano and Grinsteinl ( 20061 ): 
ICirigliano et all (|2005l ). In MLFV the most sensitive 
FCNC probe in the leptonic sector is fi — > e~f, while 
r — > /17 could be suppressed below the SFF sensitivity. 
The MLFV scenario also predicts correlations between 
the rates of various LFV processes. Studies of LFV in tau 
decays at a SFF are therefore crucial to test the MLFV 
framework (see Section IXlj) . 

An extension of MFV to the Next-to-Minimal Fla- 
vor Violation (NMF V) hypothesis was put forward in 
lAgashe et all (|2005al ) by demanding that NP contribu- 
tions only roughly obey the CKM hierarchy, and in par- 
ticular can have 0(1) new weak phases. This definition 
of NMFV is equivalent to having an additional spurion 
Ys transforming as YuYy or YdY^ under Gf, where 
the transformation between Ql weak basis and the Ys 
eigenbasis is demanded to be aligned with the CKM ma- 
trix. The consequences of Ys transforming differently 
un der Gf than the SM Yukawa s have been worked out 
by lFeldmann and Maiine! (|2007j ). 



C. Two-Higgs Doublet Models 

The scalar sector of SM contains only a single scalar 
electroweak doublet. This is no longer true (i) in 
low energy supersymmetry, where holomorphism of the 
superpotential requires at least two scalar doublets; 
(ii) in many of the solutions to the strong CP prob- 



lem (jPeccei and Quinnl . |1977allbT>: (iii) in models of spon- 
taneous CP breaking (|Leel Il973i ). Here we focus on 
the simplest extension, the two-Higgs doublet model 
(2HDM), where the scalar sector is composed of two 
Higgs fields, Hu,H]j, transforming as doublets under 
SU(2)l. More complicated versions with Higgs fields car- 
rying higher weak isospins are possible, but are also more 
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constrained by electroweak precision data, in particular 
that the p parameter is equal to one up to radiative cor- 
rections. The 2HDM model is also a simplified version 
of the MSSM Higgs sector, to be considered in the next 
subsection. 

The Yukawa interactions of a generic 2HDM are 



C =Q L f D H D d R + Q L f u H c D u R 

+ Q L g U H u u R + Q L g D H{ J d R + h.c, 



(19) 



where H C D v = iT2H* D v , and the generation indices are 
suppressed. If all the 3x3 Yukawa matrices f D ' U and 
gD,u are nonzero anc j take generic values, this leads to 
tree level FCNCs from neutral Higgs exchanges that are 
unacceptably large. 

Tree level FCNCs are not present, if up and 
down quarks couple only to one Higgs doublet 
( Glashow and Weinberg! . Il977| ). This condition can be 
met in two ways, which also define two main classes of 
2HDM. In type-I 2HDM both up- and down-type quarks 
couple only to one of the two Higgses (as in SM), i.e. 



either g L 
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or f u = f u = 0. In typc-II 2HDM 



up- and down-type quarks c ouple to two separ ate Higgs 
doublets, i.e. f u = g D = ()Haber et q/.l . ll979h . 

The remaining option that all f D,u and g D,u are 
nonzero is known as t ype-H I 2HDM (lAtwood et oil . 
Il997d: ICheng and Shel Il987t IHouL 11992^ The tree 
level flavor violating couplings to neutral Higgs then 
need to be suppressed in some other way, for instance 
by postulating a functional dep endence of the couplings 
fu.n, Qn.n on the quark masses ( Antaramian et aH . 1 19921 
ICheng and Sherl . Il987f h A particular ex ample of type- 
Ill 2HDM is also the so -called T2HDM (|Das and Kaol 
Il996t iKiers etal\ . Il999f) . which evades the problem of 
large FCNC effects in the first two generations by cou- 
pling Hd to all quarks and leptons except to the top 
quark, while Hjj couples only to the top quark. 

After electroweak symmetry breaking the fields Hjj.d 
acquire vacuum expectation values v\ o 



(20) 



V2 



where it is customary to define tan (3 — V2 jv\ , while v\ + 
v\ = v 2 , with v = 246 GeV. In type-II 2HDM the up 
and down quark masses are m t ~ V2 , m,b ~ v\ . The large 
hierarchy mt jvrib ~ 35 can thus be naturally explained in 
this model by a large ratio of the vevs v-x jv\ — tan /3 3> 1 . 

The physical degrees of freedom in 2HDM scalar sector 
consist of one charged Higgs boson H ± , two CP-even 
neutral Higgs bosons Hi 2 , and one CP-odd Higgs boson 
A. The phenomenology of the 2HDM of type-I, II is 
similar to that of the SM with the addition of the charged 
Higgs flavor-changing interactions. These S±P couplings 
are for type-II 2HDM given by 



El 

v 



tan PuLVMnda 



1 



tan (3 



URMuVdL 



+ h.c, (21) 




FIG. 4 Contribution to the B 
W, H ± exchange in 2HDM. 



rv T decay mediated by 



while the type-I 2HDM interactions are obtained by re- 
placing tan /3 — > — 1/ tan (3 in the first term. The matrix 
V is the same CKM matrix as in the W couplings, while 
M D (tj\ are diagonal matrices of down (up) quark masses. 
As mentioned before, type-Ill 2HDM contains in addition 
also flavor violating neutral Higgs couplings. 

The most sensitive probes of interactions in Eq. (|2"Tj) 
are processes where -ff can be exchanged at tree level: 
scmilcptonic b — > ctv t decays and the weak annihila- 
tion decay B~ — > rP T , see Fig. [H giving a con s traint 
on the ratio m^+/ t an/3 ( Grossman and Ligetil . Il994t 
IKiers and Som1 . ll997h . 

The inclu sive semitauonic decays have been stud- 
ied at LEP (|Abbiendi et all l200lt Barate et all l200lh . 
Assuming type-II 2HDM, these give a 90% CL up- 
per bound of tan (3/Mh+ < 0.4 GeV -1 . A compara- 
ble constraint on tan/3/m#+ c an be obtained f r om ex- 
clusive B -> P^tvt decays dChen and Genel . l2006at 
iNierste et all . 120081 : iTanakat ll995|). First observations 
of th ese decays have recently been mad e at th e B facto- 
ries (jAubert et all l2007sl iMatvia et adl2007l ). with sig- 
nificant improvements in precision expected at a SFF. 
Furthermore, the study of B — * Drv T decay distri- 
butions ca n discriminate between W + and H + con- 
tribu t ions (iGrzadkowski and Houl. 1992; IKiers and Son! 
119971 : iMiki et all . 120021 : INierste et all I2008D . In partic- 
ular, in the decay chain B — > Dv t t~\—> 7r _ ^ r ] the dif- 
ferential distribution with respect to the angle between 
three-momenta pn and pV can be used to measure both 
the magnitude and the we ak phase of the char ged Higgs 
scalar coupling to quarks ( Nierste et aLl . [2008h . 

In the annihilation decay B~ — * ri/ T , H + exchange 
may dominate over helicity suppressed W + exchange 
contri bution. Th e two contributions int erfere destruc- 
tively ( Hou . 19931). Recent meas urements ( Aubert et all 
l2007al l2008al ; llkado et all . 120061 ) give 



Rbtu — 



B cx p(B~ -> tv) 
B SM {B- -> tv) 



= 0.93 ±0.41 



(22) 



compatible with the presence of H + contribution. The 
present status of the constraints on (Mh+ , tan f3) from 
the tree level processes B — * tv and B — > D£v£, £ = e, r 
is shown in Fig. [5] More precise measurements of these 
mode, and of the complementary leptonic decay B~ — ► 
p^v^, will be possible at a SFF. 

Loop mediated FCNC such as B s -B s mixing and 
b — > S7 decays can also constrain the parameters of 
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2HDM models. In b — > S7 the charged Higgs bo- 
son contribution comes from penguin diagrams with 

top and H + running in the lo op, wh ich are known 

at NL O ( Borzumati and Greubl . Il998t Ciuchini et all 
1998bh [LP calculatio n s were done bvlEllis et all (Il986h: 



Grinstein etaH (|l989l ): lHou and Willeyl (jl988l )]. In type 



I 2HDM the W + and H+ contributions to the electro- 
magnetic dipole Wilson coefficient CV 7 (/u) can interfere 
with either sign, while in type-II 2HDM they always in- 
terfere constructively. The present WA of the branching 
fraction B(B -> X sl ) = (3.55 ± 0.24+°;°j> ±0.03) x 10~ 4 



impli es the lower bound M H + > 300 GeV ([Misiak et all . 
l2007h . 

Type-III models have a richer flavor violating structure 
with FCNC transitions generally allowed at tree level. 
Here we will focus on type-Ill models where the Peccei- 
Quinn symmetry violating terms g D and f u in Eq. (fl9|) 
are only a small peturbation. These models are close 
to a type-II 2HDM and correspond to the situation en- 
countered in the MSSM. We further restrict ourselves to 
the conservative case of MFV. The matrices g D and f u 
are functions of large Yukawa matrices Y u = g u and 
Y D = f in accordance with spurion analysis using fla- 
vor group Eq. (|14p . The most general Yukawa term in- 
volving down-type quarks in a typ e-Ill 2HDM with MFV 
is then (|D'Ambrosio et all , [2002) 



C 



--Qi 



H D + (e + eiA + e 2 Y v Y^ + e 3 Y v Y^A 



e 4 AYuY T \)m 



YdcIr + h.c. 



(23) 



with ej some unknown coefficients, where we have used 
the mass eigenstate basis in which Yu and Yd have the 
form of Eq. (fT7|) . In particular Yr> is diagonal, so that 



YrjYp oc diag(0, 0,1) = A. The additional couplings to 



Hfj in Eq. 



introduce new flavor changing vertices 



both in the charged currents W ± qq and charged Higgs 
vertices H ± qq. In addition, new FCNC couplings to the 
neutral Higgses H°,h Q ,A Q are introduced. Integrating 
out the heavy Higgs fields gives new scalar operators me- 
diating FCNC transitions. These can be especially im- 
portant in the large tan f3 regime, where tan (3 can be 
0(1). 

The large tan/3 limit of the MFV hypothesis has two 
important consequences for the low energy effective weak 
Hamiltonian of Eq. HU): (i) the basis of FCNC oper- 
ators is larger than in the SM and includes scalar op- 
erators arising from tree level FCNC neutral Higgs ex- 
changes, and (ii) the A insertions Eq. (j2"3"|) decouple the 
third generation decays from the first two. The correla- 
tion between B and K meson observables present in the 
low tan (3 MFV scenario (cMFV) discussed in subsection 
IIII.B1 is thus relaxed. For instance, the new contribu- 
tions in Eq. (|23| allow us to modify separately AMg d 
and £k- 

The effect of flavor violation in the large tan j3 limit 
is particularly dramatic for b — > s£ + £~ transitions and 
£?( s ) — * £ + £~ decays. These are helicity suppressed in 
SM, but now receive tree level contributions from neu- 
tral Higgs exchange. An enhancement of B — > £ + £~ 
by two orders of magnitude is then, in general, possi- 
ble. Conversely, experimental data on these processes 
transl ate into constraint s in th e (M H + / tan f3, €i tan j3) 
plane (jD'Ambrosio et all . [2002). These in turn impose 
useful constraints on the underlying physics producing 
the couplings e^. This program is especially powerful in 
the context of a specific model, for instance in the case 
of a supersymmetric theory like the MSSM discussed in 
the next section 




While B — > £ + £ has already been searched for 



200 300 400 500 



FIG. 5 Exclusion region in (M H + , tan /3) due to present data 
on B — ► tv (blue) and R = B(B Dtv)/b[b -> Deu) 
(gray). Red dashed lines represent percentage deviation 
from the SM prediction of R in the presently allowed region 
(iKamenik and MesciH l2008t ). 



at th e Tevatron ( Aaltonen et all . l2007b|_ Abazov et al. 



2007) and will be searched for at LHCb (jBuchalla et al 



20081 ). a SFF has an important role in pinning down 



the large tan f3 scenario by (i) precisely measuring also 
non-helicity suppressed decays {e.g. B — > (K, K*)£ + £~ 
where 0( 10%) breakings of flavor universality would be 
expected ([Hiller and Krugeri 12004 ) ), and (ii) by measur- 
ing B — + X s t + t~ and B — ► t + t~ (|lsidori and Reticol . 
l200ll ) . In a completely general large tan (3 MFV analysis 
using EFT there are no correlations between B — > tv, 
B -> £+£~, AM b 3 and B ->■ Y s 7, but these do exist 
in a more specifi c theory, for instance in MFV MSSM 
with large tan/3 (iD'Ambrosio et al . 20021; Isidori et all 



l2007t llsidori and ParadisiL l2006HLunghi et all\2Q0$ \. In 
this scenario one gets ~ (10% — 40%) suppression of 
B(B + — > t + v), enhancement of (g — 2) M , SM-like Higgs 
boson with m^o ^120 GeV and small effects in AMb s 
and B(B — » X s j) quite remarkably in agreement with 
the present tendencies in the data ( Isidori et all l2007t 
llsidori and Paradisil 120061) . 
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TABLE II Field content of the Minimal Supersymmetric 
Standard Model. The spin-0 fields are complex scalars, 
and the spin- 1/2 fields are left-handed two-component Weyl 
fermions. Last column gives gauge representations in a 
(SU(3)c, SU(2)l, U(1)y) vector. In addition there are also 
fermionic superpartners of gauge bosons: gluino, wino and 
bino. 



Superfield notation 


spin 


spin 1/2 


gauge repr. 


squarks, quarks 
(x3 families) 


Q 
u 
t> 


(ul d L ) 
u* R 
d* R 


{u L d L ) 
"r 

4, 


(3, 2, i) 
(3, 1, -|) 
(3, 1, |) 


sleptons, leptons 
(x3 families) 


c 

£ 


{v e L ) 

e R 


{v e L ) 

C R 


(1, 2, -±) 
(1, 1, 1) 


Higgs, Higgsinos 


Ttu 
H D 


{H+ H°) 
{Hi H-) 


{h+ h° u ) 
{h° d K) 


(1, 2, +A) 
(1,2, -|) 



D. Minimal Supersymmetric Standard Model 

Low energy supersymmetry (SUSY) offers a possible 
solution to the hierarchy problem. In SUSY the quadrati- 
cally divergent quantum corrections to the scalar masses 
(in SM to the Higgs boson mass) are cancelled by in- 
troducing superpartners with opposite spin-statistics for 
each of the particles. The simplest supersymmetrization 
of the Standard Model is the so-called Minimal Super- 
symmetric Standard Model (MSSM) , to which we restrict 
most of the discussion in the following. (For more ex- 
tended reviews see, e . o..lHaber and K and (| 19851 ): [Martini 
(|l997l ): lMisiak et all (|l998l ): iNillesI (|l98l L 

The matter content of MSSM is shown in TableHH The 
structure of SUSY demands two Higgs doublets Hu,d 
that appear together with their superpartners, Higgsinos 
hu.D- These mix with the fermionic partners of the W 
and Z, 7 gauge bosons into the chargino x and the neu- 
tralinos \ ■ The superpartner of the gluon is the gluino, 
g. In addition, there are also the scalar partners of the 
fermion fields with either chirality, the squarks q R , Ql , 
and the sleptons and sneutrinos e^, e/{, 

The superpotential describing the Yukawa couplings 
of the two Higgs fields to the quark and lepton chiral 
superfields is 



+ Yi j n D jC i £ j + fj,n u n D . 



(24) 



The Yukawa matrices Yjj , Y u , Yl act on the family in- 
dices i, j. The last term is the so-called /i term coupling 
the two Higgs fields. The above superpotential is the 
most general one that conserves R— parity under which 
SM particles are even, while the superpartners are odd. 
i?-parity ensures B and L quantum numbers conserva- 
tion at a renormalizable level. Comparing the superpo- 
tential of Eq. (|24[) with the 2HDM Yukawa interactions in 
Eq. (flU)) , we see that at tree level this gives quark-Higgs 
couplings of a type-II 2HDM. Loop corrections induced 



by the fi term, however, introduce also the Higgs-quark 
couplings of the "wrong-type" , effectively changing the 
interaction into a type-Ill 2HDM (see Fig.[7|). 

SUSY predicts fermion-boson mass degeneracy, which 
is not observed in Nature, so SUSY must be broken. 
The required breaking needs to be soft, i.e. only from 
super renormalizable terms, in order not to introduce 
back quadratic divergences and sensitivity to the high 
scale. The general soft SUSY breaking Lagrangian in 
the squark sector o f MSSM is then (for a review see, e.g. 
IChung et all (|2005l) 1 



Aoft = {M^ijiu^ULj ■ + d\ i d Lj ) 

+ { M lh^ Rl u Rj + {M^ijd^duj 

+ {A u )i Q l H u u* Rj + {A D ) i0 Q l H D d* Rj , 



(25) 



with Qi 



{v.L,dL) and H^d Higgs doublets. The pre- 
cise form of the soft squark masses Mq, Mjj, and the 
trilinear terms Ajj , Ad depends on the specific mecha- 
nism which breaks SUSY. In its most general form the 
soft SUSY breaking introduces a large number of un- 
known parameters which can induce large observable 
FCNC effects. A detailed counting gives that the fla- 
vor sector of the MSSM contains 69 real parameters an d 
41 phases (|Dimopoulos and Sutterl . Il995t lHabeii 1 19981) . 
compared with nine quark and lepton masses, three real 
CKM angles and one phase in the SM. The generically 
large FCNCs from soft SUSY breaking is known as the 
SUSY flavor problem, and to solve it any realistic SUSY 
model must explain the observed FCNC suppression. We 
address this issue next. 



1. Flavor violation in SUSY 

In MSSM there are two main sources of flavor violation 
beyond the SM: i) if the squark and slepton mass matri- 
ces are neither flavor universal nor are they aligned with 
the quark or the lepton mass matrices, and ii) the flavor 
violation that is induced by the wrong-Higgs couplings 
to quarks and leptons. 

The first effect is most transparent in the super-CKM 
basis, in which the quark mass matrices are diagonal, 
while the squark fields are rotated by the same matri- 
ces that diagonalize the quark masses. The squark mass 
matrices, however, need not be diagonal in this basis 

,, 2 (m?j M?j \ ,. 2 [mI m% \ 



Mr} M?j 

\ Ulr Urr 



Explicitly, the 3x3 submatrices are 



1 



V «IH Urr 



(26) 



M£ ll =M* + Mfj + -M 2 Z cos 2/3(3 - 4 sin" 6 W ), (27) 



Ml LR =Mu{Au- n cot p), 



(28) 



M 2 Urr =Ml + Ml + -M\ cos 2/3 sin 2 9 W , (29) 
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in the MSSM: the gluino-d graph, and the Higgsino-w 
graph (see Figure [7]). These induce a type-Ill 2HDM 
quark-Higgs interaction Lagrangian of the form given in 
Eq. (j2"3"|) . The loop induced effects are proportional to 
tan/3, and thus become important for large tan/3. 



FIG. 6 Example of squark-gluino AS = 1 penguin diagram 
with h,k — L, R. 



and similarly for the down squarks. While the quark 
mass matrices Mjj,d are diagonal in the super-CKM ba- 
sis, the soft breaking terms M ? , ^ and Au t D are not, 
in general. The flavor violation, that in the super-CKM 
basis resides in the squark sector, then translates into 
flavor violation in the quark processes through loop ef- 
fects - in particular, squark-gluino loops since the qqg 
coupling is proportional to g s . 

In order to suppress FCNC transitions, the squark 

mass matrices M? and M% - must be either very close 
Q u,d J 

to the unit matrix (flavor universality), or proportional 
to the quark mass matrices (alignment). These proper- 
ties can arise from the assumed SUSY breaking mech- 
anism, for instance in gauge mediated SUSY breaking, 
if the hidden sector scale is belo w the flavor breaking 
scale ( Giudice and Rattazzil 19991). in anomaly mediated 
SUSY breaking ( Randall and Sundruml. Il 999b) or from 



assumed universality in SUGR A (Brign ole et all 1994; 



Girardello and Grisarul Il982t [Kapluno vskv and Louis 



19931 ). Alternatively, alignment can follow from a 
for insta n ce from h o rizont a l symmetries 
19961 : iDine et all . 11993k iLeurer et all . 



symmetry, 



(Barbieri et 



Il994t iNir and Seiberd . [19931) 

The minimal source of flavor violation that is necessar- 
ily present is due to the Yukawa matrices Yjj , Yd • The 
Minimal Flavor Violation assumption, discussed in sec- 
tion IIII.B1 means that these are also the only sources of 
flavor violation, a scenario that is natural in, for instance, 
models with gauge mediated SUSY breaking. The most 
general s tructure of soft squark mass terms allowed by 
MFV is (iD'Ambrosio et all . I2002D 



M- 

Q 


= M 2 (ai 


+ biYuY$ + 


M- 
u 


= M 2 (a 2 


+ b2Y&Yu), 


M 2 

D 


= M 2 (a 3 


+ b 3 Y D ,Y D ), 


Au 


= A(a± + 


biYoY^Yu, 


A D 


= A(a 5 + 


kYuY$)Y D , 



(30) 



with M 2 a common mass scale, and a, , bi undetermined 
parameters. These can be completely uncorrelated, but 
are fixed in more constrained scenarios, such as the con- 
strained MSSM to be discussed below. 

The second source of flavor violation in the MSSM is 
due to the wrong-Higgs couplings, e.g. the Hu coupling 
to down quarks. These are introduced by loop corrections 
to the Hqq vertex. There are two such contributions 



2. Constraints on the MSSM parameter space 

The MSSM has 124 free parameters making a direct 
study of its parameter space intractable. Due to the 
complexity of the problem, it is convenient to divide the 
discussion into two parts. We start by first considering a 
flavor blind MSSM, keeping only the SM flavor violation 
in the quark sector, but neglecting any other sources of 
flavor violation. In the second step we include the two 
new flavor violating effects of the MSSM discussed above. 

A particularly simple version of a flavor bli nd MSSM is 
the s o-called constrained MSSM (cMSSM) (|Kane et all 
1994). The soft SUSY breaking masses and trilinear 
terms are assumed to be universal at some high scale, 
for instance at the GUT scale M GU t ~ 10 16 GeV 



{Mfta = {Mir)ij = (Mj 
(Au^^Aoe^iYu^ 



(M 2 L h 



M 2 5 i:j , 



(31) 



The gaugino masses are also assumed to be universal at 
Mqut and equal to M 1 / 2 . The cMSSM has only six un- 
known parameters that can be taken to be: the universal 
gaugino mass Mi/ 2 , the squark and slepton soft break- 
ing mass scale Mq, the trilinear coupling \Aq\, the ratio 
of Higgs vevs tan/3, and two phases </> M = arg(/i) and 
4>A = arg(A). In minimal supergravity (mSUGRA), an 
additional constraint -Bn(tan/3) = Aq — Mq is imposed, 
but the terms cMSSM and mSUGRA are often used inter- 
changeably in the literature. The masses and couplings 
at the electroweak scale are found by RG running in the 
MSSM. In particular this introduces a flavor structure of 
the form shown in Eq. ([3l3| . 

We consider here only the cMSSM with conserved 
R— parity, for which the lightest neutralino (the lightest 
supersymmetric particle) is identified as the dark mat- 
ter particle. The experimental constraints on cMSSM 



Am 



k 



Vbl- (i h- Vt 



FIG. 7 Flavor changing coupli ng of the up Higgs-boson H u 
to the down type quarks ffrom lLunghi et al\ (|2006)) 
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parameters are then: 

• The lower bound on light neutral Higgs boson mass, 
Mh — 120 GeV, rules out very low values of tan/3 
and constrains a combination of Aq and Mq pa- 
rameters. 

• The anomalous magnetic moment of the muon = 
|(<? — 2) M appears to differ from the SM prediction 
at about 3cr level, « xp - ag M ) ~ (27.5 ± 8.3) x 



10" 10 (iBennett et all I2006L " iMiller et all l2007t) . 

The sign of the difference suggests that \i > is 
strongly favored. 

• The radiative decays b — > sj. The H ± — top and 
W ± — top penguin loops interfere constructively, 
while the chargino diagram has a relative sign given 
by — sgn(Atn) and can thus interfere either con- 
structively or destructively. To preserve the good 
agreement with the SM prediction for CV, the if 
and chargino contributions must cancel to a good 
approximation, which requires /i > 0. An al- 
ternative possibility would be a large destructive 
chargino contribution, finely tuned to give C-j = 
— (CV)sm, but this possibility is r uled out by the 
measurement of B ( b — > s£ + £~) (jGambino et all 
l2005t iLunghi et aLl . l2006h . 



• Electro weak 

ables ([Heinemever et 



precision 



observ- 
The good 

agreement with the SM predictions constrains the 
mass splitting of the superpartners, especially in 
the third generation. 

Recent detailed cMSSM analyses with special 
empha sis on B meson phen o menology wer e done 
in dBarenboim et all l2007t [Carena et all 12006 ; 



Ciuchini et all l2007ri [Ellis et all l2007bt iGoto et al , 
20071 ) [see also earlier works referenced therein] Here 
we mention a few implications of these studies that are 
valid in cMSSM. 

The gluino dominance of the RG evolution leads to 
strong correlations between gaugino and squark masses 
at the weak scale. The lower bound on chargino mass 
from direct searches then translates to a lower bound of 
about 250 GeV on the mass of the ligtest squark, the 
stop. The constraint from b — > 57 implies heavy charged 
Higgs in mo s t of th e parameter space, m H + > 400 GeV 
( Bartl et all l200ll ). For large values of tan/3 smaller 
masses are possible, if the charged Higgs contribution to 
b — > is cancelled by the chargino contribution. This 
simultaneously requires large squark masses above TeV, 
while B( B~ — > t~P t ) then pu ts a constraint to#+ > 180 
GeV ([Barenboim et al 1. l2007h . 

The cMSSM contains new sources of CP violation, the 
phases </> p and c/)a- These are constrained by the ex- 
perimental upper bound on the ele ctron electric dipol e 
moment (EDM) |cZ e | < 4.0 x 10~ 27 (|Regan et aLl . l2002h . 
In the MSSM one-loop chargino and neutralino contribu- 
tions lead to a nonzero electron EDM. Although each of 



TABLE III Upper bounds (90% CL) on the {5 AB )a 
squar k mixing parameter s obtained from experimental 
data ijCiuchini et ql.ll2007bh . 



ij/AB 


LL 


LR 


RL 


RR 


12 


1.4 x 10" 2 


9.0 x 10" 5 


9.0 x 10" 5 


9.0 x 10" 3 


13 


9.0 x 10" 2 


1.7 x 10" 2 


1.7 x 10" 2 


7.0 x 10" 2 


23 


1.6 x 10 _1 


4.5 x 10~ 3 


6.0 x 10 -3 


2.2 x 10 _1 



these two contributions restricts 4>^, 4>a to be very small, 
cancellations can occur so that (f>^ < 0.1 and unrestricted 
(f>A are still allowed. I n this case Aqpjb — > sj) can be of 
order a few percent ( Bartl et~al\ , l200lh . while if </> M is 
set to zero the resulting Ac,y(b — > sj) is hard to distin- 
guish from SM ( Goto et q/.l . l2007h . Measurements of this 
asymmetry can thus give important information about 
the structure of CP violation beyond the SM. 



3. Flavor violation in the generic tan/3 scenario 

For moderate values of tan/3 ~ 5-15, the only new 
flavor violating effects are from the off-diagonal terms in 
the squark mixing matrices (in the super-CKM basis). 
It is convenient to parameterize this matrix in a way 
which is simply related to FCNC data. Using data to 
bound the off-diagonal squark mixing matrix elements, 
one would then gain insight into the flavor structure of 
the soft breaking terms. 

A convenient way to formulate such constraints makes 
use of the mass insertion approximat i on in term s of th e 



5ij parameters ( Gabbiani et all [l996t lHall et aLl . ll986l ) 



( M D AI 



M? 



A,B G {L,R}, 



(32) 



where Mq is an average squark mass. 



Often this is 



chosen to be the generation dependent quantity, M? = 
Mq Ai Mq Bj . Analogous parameters can be defined in the 



up squark sector. 

The most recent constraints on S AB from 
ICiuchini et al. (l2007bl) are summarized in Table 
IIII1 These bounds are derived in the mass insertion 
approximation, keeping only the dominant gluino 
diagrams. The best constrained parameters are the 
off-diagonal <5^ L , which contribute to FCNC processes 
in the down quark sector. 

The (S AB )i2 parameters (see Table HIT)) are constrained 
by measurements in the kaon sector of AMk,£, e'/e. 
Data on B^-Bd mixing constrain (S AB )i3. Finally, in 
the 2-3 sector there are several constraints: from rare 
radiative decays b — * S7, b — > s£ + £~, and the recently 
measured B s -B s mixing. Constraints on the mass inser- 
tions in the up sector can be deriy ed from recent D-D 
mixing data (|Ciuchini et all l2007al) . 
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4. Large tan/3 regime 

The loop induced couplings of H u to down-type quarks 
render the Yukawa interactions equivalent to a type-Ill 
2HDM, cf. Fig. [7]and Eq. ([23]). These new flavor vio- 
lating effects are enhanced by tan/3. Assuming MFV the 
new interactions are restricted to the form in Eq. ([23)) . 
The €i coefficients are calculable from SUSY loop dia- 
grams: e contains the effect of the gluino diagram, while 
ei 2 are induced by the Higgsino diagrams of Fig. [71 The 
induced low energy EFT operators give enhanced contri- 
butions to several B physics processes. We discuss here 
B s — > £ + £~, B s mixing and b — > sj, which have a dis- 
tinctive phenomenology in the large tan/3 scenario with 
MFV. 

The B s — > £ + £~ decay receives an enhanced con- 
tribution from tree level exchange of neutral Higgs 
bosons, which induce scalar operators of the form 
m b(pR s L){^) an d mi,(bjfSL)(£j5£). The branching 
fraction of this mode scales as B(B S — > ~ 
tan? (3/M\, and can thus be easily enhanced by sev- 
eral orders of magnitude compared to the SM predic- 
tion dBabu and Koldal 120001 iBobeth et all l200l[ 120021: 
IChankowski and Slawianowskal ~ 200ll ). 

Tree level exchange of neutral Higgs bosons induces 
also the double penguin operators (J)rSl)(J)lsb), which 
contribute to B s -B s mixing. The contributions are en- 
hanced by a factor of tan 4 /3 and de crease the AMg, ma ss 
difference compared with the SM ( Buras et all l2001ah . 

The radiative decay b — ► sj receives contributions from 
neutral Higgs loops in the large tan (3 limit. An important 
effect is the presence of corrections of order (a s tan/3)" , 
which can be resummed to all orders (Carena et q?J . l200lJ : 



0.7<R B „<0.! 



2007a ). The effect 



iDedes and Pilaftsid . l2003t lEllis et all 
of the resummation can be appreciable for sufficiently 
large values of tan j3. 

The correlation of these observables can be studied in 
the (M#+,tan/3) plane, as shown in Fig. [51 for fixed val- 
ues of Ajj , (i. The tree mediated decay B u — > tv is in- 
cluded in these constraints. In the MSSM this is given 
by the same expression as in the 2HDM, up to a gluino 
correction which becomes important in the large tan /3 
limit. 



E. Models of Warped Extra Dimensions 

One of the most interesting models of New Physics 
is b ased on the idea of a wa rped extra dimen- 
sion ([Randall and Sundruml . Il999afh This notion has 
great appeal as it can lead to a simultaneous resolution to 
the hierarchy problem as well as the flavor problem of the 
SM by accomodating rather naturally the observed large 
disparity of fermion masses dDayoudiasl and Sonil. 2007 : 
Gherghetta and PomarolL l2000l : iGrossman and Neubert . 
20001) . For lack of space we do not discuss the implica- 




FIG. 8 Constraints from B physics observables and (g — 2)^ 
in the (M H ± , tan f3) plane, w ith fixed \i — 0.5 TeV and Au = 
(|lsidori and Paradisil . l2006h 



(2007). 



In RS setup the 5-dimensional space-time has anti-de 
Sitter geometry (AdSs). A slice of AdSs (bulk) is trun- 
cated by flat 4D boundaries, the Planck (UV) and the 
TeV (IR) branes. This setup gives a w arped metric in 
the bulk ([Randall and Sundruml . Il999al ) 



ds 2 = e-^-^ri^dx^dx" 



(33) 



tions of universal extra dimensio ns, for which we refer 
the reader to the recent review bv lHooper and Profumol 



where k is the 5D curvature scale, r c the radius of 
compactification and cj) £ [— n, n] the coordinate along 
the 5 th dimension. The warp factor e _2fcrc '*' leads to 
different length scales in different 4D slices along the 
<f> direction, which provides a solution to the hierar- 
chy problem. In particular, the Higgs field is assumed 
to be localized near the TeV-brane so that the metric 
"warps" (.ff)s - M 5 - M P - 10 19 GeV down to the 
weak scale, (H) 4 = e- kr ^ (H) 5 . For kr c « 12 then 
(H) m = {H) 4 ~l TeV. 

Originally all the remaining S M fields were assume d 
to also reside at the IR-brane ( Davoudiasl et all l2000h ■ 
However, the cutoff of the effective 4D theory is then also 
red-shifted to the weak scale. This in turn leads to un- 
suppressed higher dimensional operators and thus large 
violations of EWP data and unacceptably large FCNCs. 

This problem can be solved by realizing that the points 
along the warped 5 th dimension correspond to different 
effective 4D cut-off scales. In particular, by localizing 
the first and second generation fermions close to the UV- 
brane the higher dimens ional operators get suppressed b y 
effectively larger scales ([Gherghetta and Pomaroll 120001 ). 
Note that this explains why first and second generation 
fermions are light: the Yukawa interactions are small be- 
cause of small overlap between IR localized Higgs and UV 
localized light fermion zero modes. The top quark on the 
other hand is localized near the TeV brane to obtain a 
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large top Yukawa coupling. 

This configuration suppresses FCNCs substan- 
tially (however, see below) and reproduces the 
fermion mass hierarchies without invoking large 
disparities in the Y ukawa couplings of the f unda- 
mental 5D action (fGherghetta and Pomaroll . l2000l 
iGrossman and NeubertT " 2000ft . It thus has a built in 
analog of the SM GIM mechanism (the RS GIM) and 
reproduces the approximate flavor symmetry among the 
light fcrmions. 

Similarly to the SM GIM, the RS GIM is violated by 
the large top quark mass. In particular, (£, 6)l needs 
to be localized near the TeV brane otherwise the 5D 
Yukawa coupling becomes too large and makes the the- 
ory strongly coupled at the scale of the first KK exci- 
tation. This has two consequences: (1) in the interac- 
tion basis, the coupling of 6 £ to gauge KK modes (say 
the gluons), gQ KK , is large compared to the couplings 
of the lighter quarks. This is a source of flavor viola- 
tion leading to FCNCs. (2) The Higgs vev mixes the 
zero mode of Z and its KK modes, leading to a non- 
universal shift 5g% ~ 9%kk \Aok ( Mp]/TeV)m%/rr& v hi 
the coupling of bh to the phys ical Z (| Agashe et q?J . l2003 : 
iBurdman and Nomural 12004ft . Here g^ K K is the coupling 
betwe en 6^ and a K K Z state before EWSB. The fac- 
tor y/log (Mpi/TcV) comes from enhanced Higgs cou- 
pling to gauge KK modes, which are also localized near 
the TeV brane. Electroweak precision measurements of 
Z — > bzJjL require that this shift is smaller than ~ 1%. 
Using g b ZKK ~ gz this is satisfied for ttikk ~ 3 TeV. 
In passing we also note that with enhanced bulk elec- 
troweak gauge symmetry, SU(2)l x SU(2)r x U(1)b-l, 
and KK masses of » 3 TeV, consistency with con- 
straints f rom electroweak pr ecision measurements are 
achieved (jAgashe et al 

The tension between obtaining a large top Yukawa 
coupling and not introducing too l arge flavor violation 
and disagreement with EWP data ( Agashe et all 120031 : 
Burdma n and Nomural 2004) is solved in all models by 
assuming (1) a close to maximal 5D Yukawa coupling, 
A5D ~ 4, so that the weakly coupled effective theory con- 
tains 3-4 KK modes, and (2) by localizing (t, b)i as close 
to the TeV brane as allowed by 8g h z ~ 1%. This almost 
unavoidable setup leads to sizeable NP contributions in 
the following three types of FCNC processes that are top 
quark dominated: (i) AF = 2 transitions, (ii) AF = 1 
decays governed by box and EW penguin diagrams; (iii) 
radiative decays. 

Sizeable modifications of AF — 2 processes are possi- 
ble from tree-level KK gluon exchanges. The AF = 1 
processes receive contributions from tree level exchange 
of KK Z modes. These tend to give smaller effects than 
KK gluon exchanges. Nevertheless it can lead to appre- 
ciable effects in the branching ratio, direct CP asymme- 
try and the spectrum of b — > s l + l~ ( Agashe et all |2004 
l2005ri IBurdman and Nomural l2004h ~ In b — ► sqq QCD 
penguin dominated B — > (<fi, rf , tt°, lu, p°)K s decays on 
the other hand the RS contributions from flavor- violating 



Z vertex are at least ~ q\lqi ~ 20% sup pressed and thus 



7 Igz 

subleading ( Agashe et all I2004L l2005bft . Consequently, 
RS models can accommodate only mild deviations from 
the SM in the corresponding time dependent CP asym- 
metries. 

We should emphasise that these models are not fully 
developed yet so there can be appreciable uncertainties 
in the specific predictions. For instance, the particular 
framework outlined above runs into at least two prob- 
lems unless the relevant KK-masses are much larger than 
3 TeV: (i) the presence of right-handed couplings can 
cause enhanced c ontributions to AS = 2 proce s ses, K - 
K mixing and e K (|Beall et a/.lll982HBona et all\2007\f) . 
and (ii) the simple framework with 0(1) complex phases 
tends to give an electron electric dipole m oment about a 
facto r ~ 20 a bove the experimental bound (jAgashe et all 
|2004 l2005bft . An interesting proposal for the flavor 
dy namics in the R S setu p was recently put forward 
bv lFitzpatrick et all f|2007h who introduced 5D anarchic 
minimal flavor vio l ation in the quark sector (see also 
ICacciapaglia et all ( 20071) ). This gives a low energy ef- 
fective theory that falls in the NMFV class, consistent 
with both FCNC and dipole moment constraints (see sec- 
tion [TTLB]). In this picture new flavor and CP violation 
phases are present, however, their dominant effect occurs 
only in the up type quark sector. 



F. Light Higgs searches 

Existing LEP constraints on the Higgs mass do not 
rule out the existence of a very light Higgs boson h with 
a mass well below the present limit of 114.4 GeV, if 
the SM is extended eithe r in the gauge or Higgs sec- 
tor (Dermisek et~aJl l2007t iFullana and Sanchis-Lozanol 
l2007ir Such states for instance appear naturally in ex- 
tensions of the MSSM motivated by the /i— problem. 
The most popular models are nonminimal supersymmet- 
ric models, where one or more gauge singl ets are added 
to the two Higgs doublets of the MSSM dBarger et all 
120061 iDermisek etaH l2007t lHan et all \2004 . The sim- 
plest case of one gauge singlet is the next-to-minimal su- 
persymmetric standard model (NMSSM), which contains 
seven physical Higgs bosons, two of which are neutral 
pseudoscalars. 

A light Higgs boson would be difficult to observe at the 
LHC because of significant backgrounds, and a SFF could 
play a complementary role in this res pect. The mai n 
detection mode is T -> fr(-> £+£-) 7 (IWilczekl . 1 1977ft . 
The presence of a light Higgs may manifest itself as an 
enhancement of the T(15) — > r + r~ channel relative to 
other dilepton modes (e,/j.). In NMSSM at large tan/3, 
the 6-ts/i vertex with h a light Higgs produces observ- 
able effects in rare B, K decays. It can be search for in T 
or B —> K decays with missing energy. The presence of 
new pseudoscalar in NMSSM also breaks the correlation 
between B s — > u + u~ decay a nd B s -B s mixing that is 
present in MSSM (jHillerl . 12004ft . 
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TABLE IV Summary of expected flavor s ignals in selected 
observables considered bv lGoto et al\ l|2007f ). After imposing 
present experimental constraints, observables denoted by y/ 
typically have a non-negligible deviation from the SM; those 
marked • have deviations which could become measurable 
at future experimental facilities such as LHCb, SFF, MEG; 
empty space indicates that deviations smaller than the ex- 
pected sensitivities are anticipated. Lepton decay processes 
were not considered in the (7(2) model. 
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FIG. 9 The standard CKM unitarity triangle. 



lations are expected between subsets of observables. For 
example, AMb^/ AM& d and 7 are correlated in all con- 
sidered models, but to constrain the NP parameters this 
requires improved lattice QCD determination of the £ pa- 
rameter at a few percent level. In Table ITVl we do not list 
results for cMSSM with right-handed neutrinos, where 
the only observable deviations are expected in // — > 
for degenerate and in r — > p'y, e~f for nondegenerate right- 
handed neutrinos. 



IV. DIRECT MEASUREMENTS OF UNITARITY 
TRIANGLE ANGLES 



In passing, we mention a related topic. Invisible de- 
cays of quarkonia can be used to search for light dar k 
matter candidates ( Gunion et HA 120061 : iMcElratbl I2005T) . 
An in itial analysis of this type has been carried out at 
Belle ( Taiima et all l2~007t ). illustrating the potential for 
this physics at a SFF. 



G. Flavor signals and correlations 

How well can one distinguish various NP models from 
flavor data? This can be achieved by studying corre- 
lations among different flavor violating observables. As 
mentioned in previous subsections such correlations ap- 
pear in models of flavor violation motivated by simple 
symmetry arguments, e.g. in MFV scenarios. An ex- 
ample of how flavor observables can distinguish among 
a restricted set of models is given in iGoto et all ([2002, 
I2004l2007h . The authors considered four classes of SUSY 
models, which are typical solutions of the SUSY flavor 
problem (restricted to the low tan/3 regime): (i) cMSSM 
(which for this analysis is equivalent to mSUGRA), (ii) 
cMSSM with right-handed neutrinos, (iii) SU(5) SUSY 
GUT with right-handed neutrinos, and (iv) MSSM with 
U(2) flavor symmetry. The right-handed neutrinos were 
taken to be degenerate or nondegenerate, the latter with 
two specific neutrino matrix ansatze. Constraints from 
direct searches, b — > sj, Br s \—Br s \ and K-K mixing, and 
upper bounds on U —* 1^ and on EDMs were imposed 
on the models. Table [TVl lists typical deviations from SM 
for each of the models that are then still allowed. 

In addition to the patterns in Table IIV1 certain corre- 



We now discuss methods for direct determination of 
the angles in the standard CKM unitarity triangle. They 
test the CKM unitarity requirement for the first and the 
third column of the CKM matrix (see Fig. [5]). We fo- 
cus on methods that use little or no theoretical assump- 
tions: the determinations of (i) j3 from B° — ► J/tpKs,L 
and B° -> Dh°, (ii) 7 from B -> DK and 2/3 + 7 from 
B -> DWtt/p, £>°(*)if (*) and ( iii) a from B — > 7T7t, 
7rp, pp. These decays are tree dominated so new physics 
effects are expected to be small. Together with measure- 
ments of the sides discussed in Section|Vl a determination 
of the "standard model CKM unitarity triangle" is pos- 
sible either using tree-level processes alone, or by also in- 
cluding AF = 2 (mixing) processes (|Bona et ~~ah. l2006bJ: 
iBuras et al. L l2001bi [Charles et al. I. I2005D . This should be 
compared with the determinations using methods sensi- 
tive to new physics discussed in the later sections. 

Let us set up the notation. Assuming CPT invariance 
the time dependent decay of an initially tagged B° is 
given by 



T(B°(t) - /) 



-ri 



cosh(^)- 



Hf sinh ( ^ ) — -4/ P cos Ami — Sf sin Amt 



(34) 



where T is the average neutral B meson decay width, 
while Ar = Tjj — Tl is the difference of decay widths 
between heavier and lighter B® mass eigenstates, so that 
the mass difference Am — to# — tol > 0. In this sec- 
tion we focus on B® mesons, but Eq. (f3"4"|) applies also 
to the B® system discussed in Section IIXI Using short- 
hand notation A f = A(B° -»■ /), A f = A(B° -> /), the 
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coefficient of cos Ami is 



Af 



\M 2 + \Aff 



(35) 



and is equal to direct CP asymmetry in the case of a 
CP eigenstate / (in the literature Cf = —Af is also 
used) . The coefficient of sin Ami describes CP violation 
in interference between mixing and decay and is 



St 



ImXf 



A/ 



-A (36) 



where parameters qs,PB describe the flavor composition 
of the B° mass eigenstates. In Eq. ([35]) we neglected 
CP violation in mixing taking = 1, which we 

assume to be the case. The time dependent decay width 
r(B°(t) — > /) is then obtained from Eq. (JM]) by flipping 
the signs of the cos(Ami) and sin(Amt) terms. The time 
dependent CP asymmetry is thus 



a CP (B(t) -> /) 



T(B(t) - /) - T(B(t) -> /) 



T(B(t) - /) 4 
= A° p cos(Ami) 



T(B(t) -> /) (37) 
+ Sf sin(Ami). 



In the Bj system the observable Hf is negli- 
gible since (Ar/r) B o < 1. For the B° s sys- 
tem, on the other hand, a much larger decay 
width difference is predicted with in the Standard 
Mode l (Ar/r) s o = -0.147 ± 0.060 (|Lenz and Nierstd . 
l200?t ). Experimentally, the current world average 
from an angular analysis of B ® — > J/tl"i> decays 



-f) 206 + 111 

U.ZUO _n mfi 



Abazov et all, l2005t 



2007) [a more precise 



is (Ar/ry = 

lAcosta et all , l2005t IBarberio et al. 

value of -0.104 (jBarberio et a/.l . l2007f ) is obtained 
by including the B® lifetime measurements from flavor 
specific decays]. Thus, in the B® system both Sf and 



H f = -2ReX f /{l + |A/| 2 ), 



(38) 



are experimentally accessible (|Dunietzl . ll995l ). While sen- 
sitivity to the Sf term requires the ability to resolve 
the fast B® oscillations, for which the large boost of 
a hadronic machine is preferable, the Hf term is mea- 
sured from the coefficient of the sinh( Art/2) dependence, 
which can be achieved at a SFF operating at the T(5S). 



A. Measuring (3 

The measurement of 8 is the primary benchmark 
of the current _B-factories. The present experimen- 
tal world average from decays into c harmonia-kaon 
final s tates, sin 2(3 = 0.680 ± 0.025 (lAubert et all , 
I2007A IBarberio et 'all , l2007t IChen et all |2007al) , dis- 
agrees slightly with an indirect extraction that is ob- 
tained using all other constraints on the unitarity tri- 
angle. CKM Fitter group f or ins tance obtains sin 2(3 



0.799±^94 (|Charles et all . l2005fl . while a similar small 



TABLE V Precision on the parameters of the standard CKM 
unitarity triangle expected from direct determinations. For 
each observable discussed in the text both the theoretical un- 
certainty and the estimate d precision that can be obtained 
by a S uper Flavor Factory (|Akerovd et all , [2004; Bon a et all , 
l2007d ) are given. 

Observable Theoretical error Estimated precision 

at a Super Flavor Factory 



sin(2/3) {J/ipK°) 


0.002 


0.01 


cos(2/3) (J/if)K*°) 


0.002 


0.05 


sin(2/3) (Dh°) 


0.001 


0.02 


cos(2/3) (Dh°) 


0.001 


0.04 


7 (DK) 


« 1° 


1-2° 


2/3 + 7 (DK°) 


< 1° 


1-2° 


a (nir) 


2-4° 


3° 


a (p7r) 


1-2° 


1-2° 


a (pp) 


2-4° 


1-2° 


a (combined) 


« 1° 


1° 



inconsistency is found in ( Bona et~al\ . l2006bl . l2007bt 
iLunghi and Sonil . [2007). Improved accuracy in experi- 
ment and in theory are needed to settle this important 
issue. The theoretical error in the direct determination 
is negligible as discussed below. The theoretical error in 
the indirect determination, on the other hand, is a com- 
bination of theoretical errors in all of the constraints used 
in the fit, and comes appreciably from the lattice inputs. 

That the extraction of the weak phase (3 from 
B° — ► J /ijjKf! is theoretically very clean was realized 
long ago (iBigi and Sandal ll98lllCarter and Sandal . fl 98 it 
lHagelinl . il 98 ll h The decay is dominated by a b — > ccs tree 
level transition. The complex parameter describing the 
mixing induced CP violation in B — > J/ipKs is 



A 



J/i>K s 



- - 

P) B° V9 

q\ (p 



A(B° -> J/i>K°) 



v cb v* 



P J B°, \U K° V cb V ^ 



J/ipK°) 



(39) 



The (p/q)K° factor is due to K — K mixing, cf. Eq. (|36|) . 
In going to the second line we have used CP symme- 
try to relate the two matrix elements, keeping only the 
tree-level operator V c bV* s (cb)v-A(sc)v-A + h.c. in the ef- 
fective weak Hamiltonian (the relative minus sign arises 
since the J/ipK final state has L = 1). The remaining 
pieces are highly suppressed in the SM. I n the standard 
phase convention for the CKM matrix ( Aleksan et all , 
119941) . V cb V* s is real, while (q/p) B o = -e" 2 ^ and 
(q/p)k° = ~ 1 up to small corrections to be discussed 



below, so that 5 



J/i>K s 



sin 2/3, A% Ks 



0. The time 



dependent CP asymmetry of Eq. ([57]) is then 
a C p{B(t) -> J/^K S ) = sin(2/?)sin(Ami), 



(40) 
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with a vanishingly small cos(Amf) coefficient. Correc- 
tions to this simple relation arise from subleading correc- 
tions to the — mixing, the K° — K° mixing and the 
B — > J/ipK decay amplitude that have been neglected in 
the derivation of Eq. ([40]) . Including these corrections 



a C p(B(t) -> J/i>K s ) = [sin(2/3) + AS Bmix 

+AS Kmix + AS -dccay + _S_ ^ ^ ^ Am< ^ 

+ [A^ Bmix + AA Kmi * + A.4 docay ] cos Ami. 
Here (jBoos et all 12004 ) 
AMi 2 



AS 



Bmix 



-2m- 



lAfi 



(2.08 ± 1.23) • 10" 4 , (42) 



is the correction due to u and c quarks in the box diagram 
which mixes neutral B mesons. These contributions have 
a different weak phase than the leading t quark box dia- 
gram and thus modify the relation arg(q/p) s o = 2/3. 
The correction ()Grossman et all l2002h 



AS 



if mix 



-2cos(2/3):rm(eK) 



-2.3-10" 



(43) 



arises from the deviation of (q/p)ic from — 1, and from 
the fact that the experimental identification through 
K$ — > 7T7T decay includes a small admixture of K^. 

The correction due to the penguin contrib utions in the 
B — > J/jpK decay is ( Grossman et a/.l . 12002') 



AjS dccay = _ 2cos ( 2/ 3)I m _^_ r COS J r , (44) 



A 



where \ { q s) = V qb V* 

plitudes and S r the strong phase difference. Because of 
the strong CKM suppression (\\ { u } /\ ( c s) \ ~ 1/50) these 
effects are small, of the order of the other two AS cor- 
rections. The calculation of AS' decay is highly uncer- 
tain. The factorization theorems for two-body decays 
into two light mesons are not applicable due to the large 
J/ip mass. Even so, calculations have been attempted. 
Using a combination of QCD factorization and pQCD 



v q b v qs , r is the ratio of penguin to tree am- 



decay 



(7.2t 2 3 ; 4 )-io 



iLi and Mishimal (|2007t ) obtain AS" 
iBoos et ali (|2004h find AS decay = - (4.24± 1. 94) -IP" 4 us- 
ing a combination of the BSS mechanism (|Bander et ali , 
1980) and naive factorization and keeping only the uu 
loop contribution. An alternative approach uses SU(3) 
flavor symmetry to relate the B° — > J /ipK° amplitude to 
the B° — > J/ijj 'x amplitude, neglect ing annihilation- like 
contributions ICiuchini et all 120051) . In B° -» J/tfin 
decay the penguin contributions are CKM-enhanced, in- 
creasing the sensitivity to r and S r . Using the experimen - 
tal information available in 2005 ICiuchini et all J2005) 
obtained AS dccay = 0.000 ± 0.017. The error is domi- 
nated by the experimental errors and is not indicative of 
the intrinsic AS decay size. 

In summary, ASj/^k s IS expected to be ASj/^k s — 
— 1.4 ■ 10~ 3 . This is also the typical size of the term due 



to a nonzer o decay wid t h diff erence, sin4/3(Arrso)/4 ~ 
-1 • 10" 3 (|Boos et all l2004h . Thus, any discrepancy 
significatly above permil level between Sj/^k s measure- 
ment and sin 2(3 obtained fr om the CKM fits would be a 
clear signal of new physics (|Hou et all [2006) . The the- 
oretical uncertainty in the measurement of sin 2(3 from 
Sj/iI>k s i s hkely to remain smaller than the experimental 
error even at a SFF. Extrapolations of the current analy- 
ses suggest that imperfect knowledge of the vertex detec- 
tor alignment and beam spot position will provide a lim- 
iting system atic uncertainty , with t he ultimate sensitiv ity 
of 0.5-1.2% (lAkerovd et all 12004 [Bona et aLl . l2007d) . 

Digressing briefly from the determination of the uni- 
tarity triangle, the situation for the d irect CP asymme- 
tries in B — > J I i bK is rather similar (|Boos et all . 120041 : 
iGrossman et all 120021 : ILi and Mishimal . |2007[ ) ~ 
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2M, 



-(2.59 ± 1.48) • 10" 4 , (45) 



-AA 



Ku 



2TZe(e K ) ^ 3.2 • 10~ 3 , 



(46) 



A 



(«) 



Au4 dccay = 21m-^rsinS r = (16.7±1;?) • 10~ 4 , (47) 



A, 



giving a combined CP asymmetry Aj/^k s 



-4.6-10" 



This is nearly an order of magnitude smaller than 
the current experimental uncertain t y on this quan- 
tity ([Aubert et all I2007A IChen et all |2007cJ) , and com- 
parable to the likely size of the limi t ing systematic un- 
certain ty at a SFF ([Akerovd et all 120041 : iBona et all . 
l2007cf) . New physics contributions to this quantity could 
enhance the CP asymmetry to the 1% level or even 
higher, while obeying all other constraints from flav or 
physics (jBergmann and Perezl . l200lb iHou et all l2006h . 

A complementary measurement of (3 is provided by a 
tim e dependent B° — > [ Ksn + w~]ph° Dalitz plot analy- 

while 



7T°,?7,W, . 



sis ([Bondar et all . 120051 ). Here h° 
also D*° can be used in place of D°. This channel pro- 
vides measurements of both sin 2(3 and cos 2(3 resolving 
the (3 — > 7r/2 — (3 discrete ambiguity. The resulting 
mesurement of (3 is theoretically extremely clean since 
it does not suffer from penguin pollution. The only the- 
oretical uncertainty is due to the D° deca y model, which 
at present gives an error of ~ 0.2 on cos 2(3 ( Aubert et all 
l2007ir. iKrokovnv et all [20061) . and can be reduced in fu- 
ture using the same methods as for the B — ► DK analy- 
sis (see the discussion in Section HV.Bp . D decays to CP 
eigenstates can als o be used. Ho wever, these are only 
sensitive to sin 2(3 ([Fleischerl . [20031) . 



B. Measuring 7 

1. 7 from B -> DK 

The most powerful method to measure 7 uses the 
interference between b — > cus and b — > ucs ampli- 
tudes in B — > DK decay s (|Gronau and London.! . Il99lt 
iGronau and Wvleil Il99lh [for a recent review see, e.g., 
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(|Zut>anl l2007d) ]. In the case of charged B decays the 
interference is between B~ — > DK~ amplitude, Ab, fol- 
lowed by D — > / decay, and — > DK~ amplitude, 
AbTb^ 13 " 1 ' \ followed by D — > / decay, where / is any 
common final state of D and D. The B+ -> D{D)K + 
decay amplitudes are obtained by 7 — * —7 sign-flip. Ne- 
glecting CP violation in the D decays we further have 



A{D° - /) = A(L>° - /) = A/, 
A(L>° -»■ /) = A{D° -> /) = Aftfe^t 



(48) 



The parameters <5b and 5/ above are strong phase dif- 
ferences in B and D decays respectively, while Ab,tb, 
Af,rf are real. The sensitivity to 7 is strongly depen- 
dent on the ratio tb ~ 0.1. Since there are no penguin 
contributions in this class of modes, there is almost no 
theoretical uncertainty in the resulting measurements of 
7; all hadronic unknowns can in principle be obtained 
from experiment. 

Various choices for the final state ,f are poss i ble: ( i) CP 
eigenstates {e.g. Ksir ) (jGronau and Wvlerl. Il99ll). (n) 
quasi- fl avor sp ecific states {e.g. K + n~) ( Atwood et all 



quasi-n avor sp < 
Il997al l2001bh . 

{e.g. K* + K~) (| Grossman et al 
body final states { e.g. Ks-k + -k 



singly Cabibbo sup pressed decays 
2003bl ) or (iv) many- 



( Atwood et ^H . l2001bt 
iGiri et all l2003t IPoluektov et all l2004h ~ There are 
also other extensi ons, using many bod y B decays {e.g . 
B+ -> DK+ir°) (lAleksan et all 120031 : iGronaul . l2003h . 



using D*° in both D* u -> Dtt u and D *° -> Dj 
decay modes (iBondar and Gershonl . l2004h . using self 
tagging D** decays (jSinhal . l2004h . Neutral B de- 



cays (both ti me dependent and time integrated) can 
also be used (lAtwood and Sonil. |2003at iFleischerl 120031: 
iGronau et all . l2004bl iKavser and London! . feOOof h 

For different D decays in B — > (f)r>K, the param- 
eters Ab,tb,Sb,J related to the B decay are com- 
mon, so that there is significant gai n in combining re- 
sults from different D decay channels (jAtwood and Soiill . 
2005). It is therefore not suprising that three body D 
decays, e.g. B ± — > [Kstt + tt~]dK ± , provide the most 
sensitivity in the extraction of 7 as they represent an 
essentially continuous set of final states /. Also, for 
D — > / multibody decays both the magnitude of Af 
and the strong phase variation over the Dalitz plot can 
be determined using a decay model where Af is de- 
scribed i _Jjy_ja 1 j[um ofresoj^^ Breit-Wigner) 
terms (jGiri et all 120031: IPoluektov et all [ |2004h . The de- 
cay model can be determined from flavor tagged data 
[for details, see ( Aubert et a/J . l2006d : ICavoto et al. L 120071 



IPoluektov et al 



20061) ]. 



Flavor tagged D decays do not provide direct informa- 
tion on the strong phase differences between D° and D° 
amplitudes. In multibody decays the information comes 
from the interferences of the resonances, where the phase 
variation across the Dalitz plot is completely described 
by the chosen decay model. The question is then what 
is the modelling error introduced through this approach 
and how can it be reliably estimated? At present the 
modelling error on 7 is estimated to be ~ 10°, which is 
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FIG. 10 Statistical error on 7 {<f>s) as a function of the num- 
ber of reconstructed B^ 1 — * DK ± decays and Dcp decays as 
given by toy MC study with r B = 0-2, 7 = 70° S B = 180° 
and 4 ■ 10 s D C p decays ijBondar and PoluektovL 12006) . Dot- 
ted line shows the error on 7 from model-dependent unbinned 
Dalitz plot fit with the same input parameters. 



obtained through an apparently conservative approach 
of including or excluding various contributions to the 
model. In future it will be possible to reduce this error by 
using entangled ^(3770) — > DD decays at a tau-charm 
factory to arrive at a direct information on the strong 
phases (|Atwood and Sonil . [2003b: G iri et "aE l2003h . 

Alternatively, the modelling error can be 
avoided entirely by using a model independ ent ap- 
proach (jAtwood et all l2001bt IGiri et all 120031 ). After 
partitioning the D — > Kstt + tt~ Dalitz plot into bins, 
variables c;,Si are introduced that are the cosine 
and sine of the strong phase difference averaged over 
the i-th bin. Optimally, these are determined from 
charm factory running a t •0(3770) (lAtwood and Soni . 



2003bl: IGiri et all 120031: IGronau et all 



2001 



Soffei 



1998 ). Recent studies (|Bondar and Poluektovl 12006 . 



20081 ) show that if measurements of c; from CP-tagged 
D decays are included in the analysis, the resulting 
error on 7 using rectangular Dalitz plot binning is 
only 30% worse than the unbin n ed m odel dependent 



approach ( Bondar and Poluektoy|. | 2006l). or even only 
4% w orse for optimal binning (jBondar and Poluektovl 
,2008). Studies of charm factory events in which 
both D mesons decay to multibody final states such 
as Kst t + tt~ can also provide infor mation on the 
terms (jBondar and Poluektovl 120081 ). As shown in 
Fig. LTni approximately 10 4 CP tagged D decays are 
required to keep the contribution to the uncertainty on 
7 below the 2° statistical accuracy expected from a SFF. 

To reduce the statistical uncertainty, one can also in- 
clude additional B decay modes. For each, the hadronic 
factors Ab, tb and 8b can be different, so additional un- 
known parameters are introduced. To date, B — * DK ± , 
g± -> DK*± and B± -> D *^ (with D* -> L>7r (7) 
( Bondar and Gershonl . 12001 ) have been used. 

Another useful approach is to include neutral B° de- 
cays. These have smaller decay rates, however the statis- 
tical error on 7 does not scale with the rate but roughly 
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as the smaller of the two interfering amplitudes. Us- 
ing isospin one sees that these differ only by a factor of 
y/2 (jGronau et al l l2004bh 



A B r B ^ V2A 



B< B- 



(49) 



Here we have introduced A 1 ^ and r B parameters 
in the same way as for the charged decays above 
Eq. (|4"5| . Although time dependent measurements 
arc needed to extract the full information in the 



B° -> DK S system ( 


Atwood and Sonil. 2003a; Fleischer, 


20031: Gronau et all 


2007 


; Gronau and London., 1991; 


Kavser and London!, 


2000 


), untagged time integrated 



rat es alone prov i de suff i cient information to determine 
7 JGronau et all l2004bl 120071) . while B° -► DK*° de- 
cays are self-tagging. Therefore, we expect these modes 
to make a si gnificant contribution to the measuremen t of 
7 at a SFF (jAkerovd et 'all . \2004 iBona et all l2007dY 



We now discuss the theoretical errors. The determina- 
tion of 7 from B — ► DK decays is theoretically extremely 
clean since these are pure tree decays. The largest un- 
certainty is due to D° — D° mixing, assumed to be ab- 



sent so far. 

_ Amp 
X D _ 



The SM D° 



— D mixing parameters are 

- O(10" 2 ), with a negligible 
O(10~ 4 ) (see Section El). 

D° mixing is to 



CP violating phase, 6d 

The effect of CP conserving D° 
change the effective relative strong phase (irrelevant for 
7 extraction) and to dilute the inter ference term, re- 
sulting in a shift A7 oc (x 2 D + yjj)/rj (| Grossman et all 
2005). Thus the shift is larger for the cases where 77 is 
smaller, but even for doubly Cabibbo suppressed decays 
A7 < 1°. Furthermore, this bias can be removed by ex- 
plicitly including D° — D° mixi ng into the analys i s once 
xp and yn are well m easured ( Atwood and Sonil . 120051 ; 
ISilva and SorferLl200Cft . Moreover in the model indepen- 
dent Dalitz plot analysis no changes are needed, since 
there the method already includes the averaging (dilu- 
tion) of the interference terms. 

The remaining possible sources of theoretical error are 
from higher order electroweak corrections or from CP 
violation in the D system. The latter would lead to A7 ~ 
O(xd0d,Vd9d)- In the SM the error is conservatively 
A7 < 10 -5 , while even with large NP in the charm sector 
one finds A7 - 0(1O~ 2 ). 

In summary, a precise measurement of 7 can be 
achieved at a SFF from a combination of B — > DK type 
decays with multiple D decay final states. The preci- 
sion can be improved using charm factory data on strong 
phases. Although extrapolations of the current data are 
difficult, stud ies suggest that an er r or on 7 of 0(1°) ca n 
be achieved (jAkerovd et all 12004 IBona et all l2007d) . 
This would represent a significant improvement on the 
constraints from any other experiment, and yet the ex- 
perimental uncertainty on 7 would still be far above the 
irreducible theory error. 



2. sin(2/3 + 7 ) 

The combination sin(2/3 + 7) can in principle be ex- 
trac ted from B — » D^^tt^ t i me d ependent analy- 
sis (|Dunietzl . Il998t ISuprun et all l2002f ). However, the 
ratio of the two interfering amplitudes r = \A(B° — > 
D^+tt-)/A{B° D«+7T-)| is too small to be de- 
termined experimentally from 0{r 2 ) terms and signif- 
icant input from theory is required. Related meth- 
ods use B° — > D* + p~ , D* + a^[ , where r can be deter- 
mined from the inte r ference of different helicit y ampli- 
tudes (jGronau et all 120031 lLondon et all l2000f) . These 
modes are difficult experimentally because of ir° re- 
construction and no measurements exist to date. An- 
other option are rare decays such as B — > D^^X^, 
X = an, Q2, 61 , 7r(1300), w here r is O(l) as pointed out 



bv lDiehl and Hilled (|200lh 

Time dependent B° -> D°(*)K ^ analy s es are 
perhaps the most promis ing (jAtwood and Sonil . l2003al: 
iKavser and London! |2000| ). The theoretical error is ex- 
pected to be similar to that in 7 extraction from B — > 
DK, and thus well below SFF sensitivity. Another 
good candidate, B s — > DfK T , is bett er suited for ex - 
periments in an hadronic environment ( Fleischer! l2004h . 
Other alternatives, including three body modes such 
as B -> D±K£7r* (lAleksan et all 120031; (Charles et all , 
119981 ; iPolci et all [2006) could also lead to a precise mea- 
surement of 2/3 + 7. 



C. Measuring a 

Although in the SM a is not independent from 7 and /3, 
it is customary to separate the methods for the determi- 
nation of the angle 7 that involve B® — B® mixing from 
those that do not. In this subsection we will therefore 
briefly discuss the determination of a from the decays 
B — > 7 T7T, pn and pp [for a longer review see e.g. ( Zupanl . 
I2007al) ]. The angle a is determined from the Sf param- 
eter of Eq. ([56]) . For example in B — > irir this is 



St, 



sin 2a + 2r cos S sin(/3 + a) cos 2a + O (r 2 ) , (50) 



where the expansion is in penguin-to-tree ratio r = P/T. 
The "tree" ("penguin") is a term that carries a weak 
phase (or not), A(B° -> tt+tt") = Te* + Pe iS , while 
S is a strong phase difference. 3 In the r = limit one 
has SV+jr- = sin 2a. If 0(r) "penguin pollution" term is 
known, a can be extracted from S' 7r + 7r - . This is achieved 
by using symmetries of QCD, isospin or flavor SU(3), 
or by the l/m^ expansion in frameworks such as QCD 
factorization, pQCD, and SCET. The theoretical error 
on extracted a depends crucially on the size of r. Using 



This is the so called "c-convention" where "penguin" is propor- 
tional to V* b V c d- The other option is a "t-convention" , where 
"penguin" is proportional to V* b Vtd and carries weak phase — /3. 
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FIG. 11 Summary of the present constraints from isospin 
(blue/dark grey) and SU(3) flavor symmetry (red/light grey) 
on the P/T ratio in the "c-convention" . Only statistical errors 
are shown. 
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isospin and/or SU(3) flavor symmetry one finds (see also 
Fig. QTJ) 

r(7r + 7r _ ) > r(/9 + 7r~) ~ r(n + p~) > r(p + p~). (51) 

We can expect a similar hierarchy for the theoretical er- 
rors on a in the different channels. This simple rule, 
however, does not apply for methods based on isospin 
symmetry as discussed in more detail below. 



1. B — > 7T7T 

Let us first review the ext raction of a from B — > irir us - 
ing isospin decomposition ( Gronau and London! . Il990|) . 
In isospin limit tt forms a triplet and B a doublet of 
isospin. In general B — > nir transition could be medi- 
ated by AI — 1/2,3/2 and 5/2 interactions. However, 
AI = 5/2 operators do not appear in the effective weak 
Hamiltonian of Eq. ©, so that B — ► 7r°7r°, 7r + 7r~, 7r + 7r 



amplitudes are related as shown in Fig. [T2] 

Another important input is that aside from possi- 
ble electroweak penguin (EWP) contributions, A + q is a 
pure tree (notation is as in Fig. [T2"]) . Neglecting EWP 
the weak phase of A + o is fixed, so that for instance 
e n A + o — e^ l7 A + o. Then the observable sin(2a c ff) = 
Smr/ \A — (A^) 2 is directly related to a through 2a — 
2a c g — 26, where 9 is defined in Fig. [T2] left. The present 
constraints on a following from the is ospin analysis 



with the most recen t experimental results ([Aubert et all 
l2007it llshino et all I2007D are shown in Fig. [H right. 
Note that in the determination of a the contribution of 
AI = 1/2 terms cancel. This implies that the isospin 
analysis is insensitive to NP in QCD penguin operators, 
and would still return the SM value of a even if such NP 
contributions were large. 

Let us now turn to the question of theoretical uncer- 
tainties in the isospin analysis which come from isospin 
breaking. This has several effects: (i) different d and u 
charges lead to EWP operators Q7,...,io in H c s of Eq. (0, 
(ii) the 7T° mass and isospin eigenstates no longer coin- 
cide, leading to tt° — q — rf mixing, (iii) reduced matrix 
elements for states in the same isospin multiplet may no 
longer be related simply by SU(2) Clebsch-Gordan coef- 
ficients, and (iv) AI = 5/2 operators may be induced, 
e.g. from electromagnetic rescattering. 



FI G. 12 Left: th e iso spin triangle relations due 

to I Gronau and LondonI (|l99Cf ). with the notation Aij = 
A(B° — > 7r ! 7p'). Only one of four possible triangle orienta- 
tions is shown . Right: 
of B 



const r aints on a from isospin analysis 
Note that 



7T7T (jCharles et all \200 $). Note that solutions at 
a m need very large values of T, P with fine-t uned cancel- 
lation and are thus excluded (jBona et al.l , l2007ah . 



In the literature only the first two effects have been an- 
alyzed in some detail. The effect of EWP is known quite 
precisely since the AI = 3/2 part of the EWP Hamil- 
tonian is related to the tree part of the weak Hamil- 
tonian (Buras and Fleischerl. Il999t Gronau et Mi [1999; 



iNeubertl . I1999T iNeubert and Rosneii Il998allbl ). The re- 
lation between the bases of triangles in Fig. [12] is now 
modifi ed to e^A+n = e^i+^A^ where 5 = (1. 5 ±0.3± 



0.3)° (|Gronau et all Il999t IGronau and Zupanl . l2005h . 



The 7T — X] — rf mixing modifies a lso the Gronau - 
London triangle relations of Fig. [12] ( Gardner! Il999h . 
Since 7r° — rj — rf is small, the resulting shift in the 
extra cted value of a is small as well, |Aan-_^_^/| < 
1.6° (|Gronau and Zupanl . 120051) . 

These two examples of isospin breaking effects show 
that while not all of the isospin breaking effects can be 
calculated or constrained at present, the ones that can 
are of the expected size, 5a ~ (m u — md) / Aqcd ~ 1%- 

Experimentally, the isospin triangle approach is lim- 
ited by the need to measure |j4qo| and |Aoo|, i.e. to mea- 
sure direct CP violation in B° — > 7r°7r° decays. In addi- 
tion, the method suffers from ambiguities in the solutions 
for a (as can be seen in Fig. [T21 right). A SFF will enable 
both problems to be overcome, since the large statistics 
will allow a precise measurement of Aqq , while the sam- 
ple of events with photon conversion s will allow Sgn to b e 
measured, removing one ambiguity (jlshino et all . 20071) . 
Including these effects, we expect a SFF to reach a pre- 
cision of ~ 3° on a from B — > 7T7t ( Akerovd et all 12004 
iBona et all l2007ct ). 



2. B 



PP 



The isospin analysis in B — > pp follows the same lines 
as for B — > mr, but with separate isospin triangles, Fig. 
I12[ for each polarization. The longitudinally polarized fi- 
nal state is found to dominate the other two, simplifying 
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the analysis considerably. Another difference from the 
tttt system is that p resonances have a non-negligible de- 
cay width. In addition to experimental complications, 
this allows the two p resonances in the final state to 
form an I = 1 state, if the re spective invariant masses 
are different (jFalk et al\ . hoo4 ). leading to 0(T 2 p /m 2 p ) ef- 
fects. This effect can in principle be constrained ex- 
perimental ly by making diff erent fits to the mass dis- 
tributions (Fal k et al ., 2004), though very high statistics 
would be necessary for such a procedure to be effective. 

The remaining theoretical errors are due to isospin 
breaking effects. While the shift due to EWP is exactly 
the same as in tttt, p—uj mixing is expected to cause a rel- 
atively large, 0(1), effect near the lo mass in the tt + tt~ 
invariant mass spectrum. However, integrated over all 
phase space, the effect is of the expected size for isospin 
breaking, as indeed are all effects th at can currently be 
estimated ( Gronau and Zupanl 120051 ) . 

An ingredient that makes the pp system favourable 
over tttt is the small penguin pollution, cf. Fig. 1111 
Moreover, the fact that B° — > p°p° results in an 
all cha rged final state mea ns that Soo can De deter- 
mined ( Aubert et all [2007vj) . Consequently, a determi- 
nation from isospin analysis of B — > pp at the SFF is ex- 
pected to remain more precise than that from B — » tttt, 
i.e. l°-2° (|Akerovd et aU |2004 iBona et alL\2007(i \. 

Somewhat surprisingly, the small penguin pollution 
makes the method based on the SU(3) symmetry as 
theor etically clean as the isospin analysis (jBeneke et all 
200G). This is because SU(3) symmetry is used to di- 
rectly constrain P/T, while the isospin construction in- 
volves also relations between the tree amplitudes, so that 
isospin breaking on the larger amplitudes translate to the 
corrections. The basic idea is to relate AS = decays 
in which tree and penguin terms have CKM elements of 
similar size to AS = 1 decays in which the P/T ratio 
has a relative enhancement of ~ 1/A 2 . The AS = 1 
decays can then be used to constrain P/T . For exam- 
ple, B(B+ -> K*°p 
contribution to B° 



can be used to bound the p enguin 
p + p~ (jBeneke et all 12006 



\A L (K*»p+)\ 2 = F 



\Vcs\fK* 
\Vcd\fp 



P 2 



where the F parameterises SU(3) breaking effects (F = 1 
in the limit of exact SU(3)). Using a conservative range 
of 0.3 < F < 1.5 results in theoretical error of ~ 4° 
on a, comparable to the theoretical error in the isospin 
analysis. 



3. B 



pTT 



Since p ± ir zf: are not CP eigenstates, extracting a 
from this system is more complicated. Isospin anal- 
ysis similar to the one for B — > pp, tttt l eads to an 
isospin pentagon contruction ( Lipkin et all Il99ll ) that 
is not competitive. It requires a large amount of ex- 
perimental data and suffers from multiple solutions. 



Two more useful approaches are: (i) to exploit the 
full time-dependence of the B° — > 7r + 7r~ 7 r° Da litz 
plot together with isospin ( Snvder and Quinnl Il993h . or 
(ii) to use only the p^tt^ regio n with SU(3) related 
modes ( Gronau and Zupanl . l2004h ■ 



For the Snyder-Quinn isospin analysis two important 
differences compared to the isospin analysis of B — ► tttt 
and B — > pp are (i) that in B — > p-rr only the isospin 
relation between penguin amplitudes is needed, and (ii) 
that from the full time-dependent B° — > tt + tt~tt° Dalitz 
plot the magnitudes and relative phases of A(B a — > 
P+tt-), A{B° -> p-TT+), A(B° -> p°tt°) and the CP con- 
jugated amplitudes are obtained. As a result the Snyder- 
Quinn approach does not suffer from multiple ambigui- 
ties, giving a single (and highly competitive) value for a 
in [0, 7r]. This approach has been implemented by bo th B 
factories (jAubert et all 1200711: iKusaka et of] . l2007afbh . 



A potential problem is that the peaks of p resonance 
bands do not fully overlap in the Dalitz plot, but are sep- 
arated by approximately one decay width, so one is sen- 
sitive to the precise lineshape of the p resonance. Isospin 
breaking effects on the other hand are expected to be 
P/T suppressed, since only the isospin relation between 
penguins was used. The largest shift is expected to be 
due t o EWP and is known prec isely, as in B — > tttt, pp 
case ( Gronau and Zupanl . l2005h . Other isospin break- 
ing effects are expected to be small. For instance, the 
shift due to tt° — v — v' mixing was e stima ted to be 
lAo^- _,,_,,'] < 0.1° l|Gronau and Zupanl . l2005| ). showing 
that the expected P/T suppression exists. 

An alternative use of the same data is provided by the 
SU(3) flavor symmetry. In this way the potential sensi- 
tivity of the Snyder-Quinn method on the form of p reso- 
nance tails can be avoided. The required information on 
P/T is obtained from the SU(3) related AS = 1 modes, 
B° -> K*+n-,K+p- and B+ -> K*°TT + ,K°p+. Since 
penguin pollution is relatively small, the error on the ex- 
tracted value of a due to SU(3) bre aking is expected to 
be sm all as well, of a few degrees ( Gronau and Zupanl 
12004 ) . Unlike the Snyder-Quinn approach this method 



(52) docs suffer from discrete ambiguities. 



In summary, theory errors in the above direct measure- 
ments of a are difficult to determine completely. Our best 
estimates for the error on a from isospin analysis of the 
tttt and pp systems are around a few degrees. The un- 
certainty is expected to be smaller for the Snyder-Quinn 
analysis of pir which relies on an isospin relation between 
only penguin amplitudes. Since a SFF can make deter- 
minations of a in all of the above modes, we can be cau- 
tiously optimistic that most sources of theoretical uncer- 
tainty can be controlled with data. Therefore, there is a 
good chance that the final error on a from a SFF will be 
around 1°. 

Finally, Table [V] summarizes the estimates on the the- 
ory error and also the expected accuracy at the SFF for 
each angle through the use of these direct methods. 
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V. SIDES OF THE TRIANGLE 

In this section we review briefly the strategies for mea- 
surements of the magnitudes o f CKM ma t rix el ements. 
For a more extensive review see lYao et ali (|2006l ). 

While the determinations of \V u b\, \V c b\, \Vtd\ and 
| Vi S | mainly rely on CP conserving observables - the 
CP averaged B decay branching ratios - their values do 
constitute an independent check of the CKM mechanism. 
The information on | V^b | / 1 14;, | for instance determines 
the length of the unitarity triangle side opposite to the 
well measured angle (3, cf. Fig. [5] Together with the 
direct determination of 7 it provides a consistency check 
between the constraints from b — > u tree transitions and 
the constraint from the loop induced B—B mixing. 



A. Determination of \V c b\ 

Both exclusive and inclusive b — > c decays are used, 
giving consistent determinations ( Yao et al\ . 120061 ) 



\V C , 



d , = (40.9 ± 1.8) x 1CT 3 , 
ci. = (41.7 ±0.7) x 10~ 3 . 



(53) 



The value of \V c b\ from the exclusive decay B — ► D*lDi 
(B — > Dlvi) is at present determined with a 4% (12%) 
relative error, where the theoretical and experimental 
contributions to the errors are comparable. In the heavy 
quark limit the properly normalized form factors are 
equal to 1 at zero recoil, vb • v D (,) = 1. This predic- 
tion has perturbative and nonperturbative corrections 



F D *(l) = l + CA (a s ) + — ' <onp - 
T D (l) = l + c v (a s ) + ^ 



rn. 



(54) 



The absence of 1 / mp co r rectio ns in !Fd*(X) is due 
to Luke's theorem (jLukeL Il990h . The p erturbative 
corrections ca.v are known to a% order (jCzarneckil 
ll996tlCzarneck'i and Melnikovl[l997n . while the first non- 



perturbative correctio ns c- 



(*) 

nonD. 



are known only from 



quenched lattice QCD (|Hashimoto et all 120021 |2000D or 
from phcnomcnological models. Improvement can be 
expected in the near future when unquenched lattice 
QCD results b ecome available. The projec ted uncer- 
tainty is 2-3% (|Laihol . 120071 : lYao et ali . [2006), which is 
comparab le to presently quoted errors in quenched cal- 
culations (Hashimoto et aE l200ll200fl . but the results 
will be more reliable. Further improvements in preci- 
sion will be needed, however, to reach the 1% uncer- 
tainty projected for the inclusive \ V c b\ determination dis- 
cussed below. To achieve this goal analytical work is 
also needed: the calculation of higher order matching 
of lattici zed HQET to continuum QCD is already i n 
progress (|Nobes and Trottierl . 12004 lOktav et all I2004T) . 



while other ingredients such as the radiative corrections 
to the 1 / mQ and 1 /rrig suppressed terms in the currents 
are not yet being calculated. The difficulty of this task 
is comparable or even greater than the same order cal- 
culation needed for the inclusive determination of \V c b\ 
( Yao et all . l2006h . On the experimental side, reduction 
of the uncertainty with larger statistics is not guaran- 
teed, since systematic errors already limit the precision 
(lAubert et ali . l2005aL [20063) . 

The inclusive determination of \V c b\ is based on 
the operator product expan sion leadi n g to a sys- 
tematic expansion in l/ rrib (jBigi et all Il994al 11993k 
iManohar and Wisd . Il994h . Present fits to B -> X c Wi 
include terms up to order 1/m 3 and o^/Jo- The same 
nonperturbative elements also appear in the predictions 
of B — * X s 7 so that global fits to electron and photon 
energy moments from data are perfo rmed, giving \V r h \ 
with a relative error of about 1.7% ( Yao et al\ . 2006h . 
Improvements on the theoretical side can be made 
by calcu l ating higher order perturbative corrections 
( Neuber tl . l2005h and by calculating the perturbative 
corrections to the matrix elements that define the heavy 
quark expansion parameters. Experimentally, systematic 
errors are alrea dy limiting the most r e cent results in 
these analyses ( Schwanda et all 120071 : lUrquijo et all 
l2007h . However, some improvement is certainly possible 
with the large statistics of a SFF, so that a precision on 
\V c b\ around 1% may be possible. 



B. Determination of \V U b\ 

Both exclusive and inclusive determinations are being 
pursued. At present there is some slight tension (at the 
lcr level) between the two types of determinations; as 
discussed below. 

The theoretical and experimental difficulty with the 
inclusive extraction of \V u b\ from B — > X u Wi is due to 
the large charm background from B — > XjDi. As a 
result one cannot obtain the full inclusive rate exper- 
imentally. The region of phase space without charm 
contamination is typically a region where the inclusive 
hadronic state forms a jet, so that the OPE is not 
valid. Still, one can find a Aqcd expansion, and 
using SCET one can show that there is a factorization of 
the structure functions (in terms of which the branch- 
ing ratio is expressed) into hard, jet and shape func- 
tions, see Eq. (|70|) below. Each of these factors en- 



code physics at scales of the order mj, -y/AQCDWb and 
Aqcd- The jet and shape functions a re currently known 
at 0( a s (mb)) (|Bauer and Manohar ._ 20041 IBosch et al. . 
2004ah and 0(a 2 J JAnnr,mh)) feedier and Neubert . 



2006T ) respectively, while the p ower correctio n s have 
been included only at Q(a°) (IBeneke et al. I, 120054 



been mclua e a only at U(a") (iceneKe et all \zvvt>at 
IBosch et all l2004bl : ILee and Steward . 120051 ) In the 
BLNP approach the parameters for the models of 
the LO shape function are extracted from the B — > 
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X s j spectrum ( Lange et all [2005a), while subleading 
shape functions arc modeled. The HFAG average us- 
ing this app roach is |Kb| i nci.(BLNP) = (4-49 i 0.19 i 
0.27) x 1Q- 3 (lAubert et al. L l2007d:lBajberio et aZj . [20071 
iBiziak et aZll2005|) . where the first error is experimental 
and the second theoretical. Alternatively, as discussed 
in Section rVIII .CI the ratio of B — > X u Wi to B — > X s j 
decay rates can be us ed to reduce the dependence on 
the LO shape function ( Langel. 2006t Lange et all [2005b: 



iLeibovich etal\ . l2000t iNeubertl . 11994( 1. This approach 
has been used to obtain the value \ V u b \ — (4.43 ± 0.45 ± 
0.29) x 10" 3 (|Aubert et all l2006al) . where the first er- 
ror is experimental and the second theoretical. The 
combined theoretical error from using 2-loop corrections 
to jet functions, the subleading shape function correc- 
tions and the kn own a s /mb correcti ons has been esti- 
mated to be 5% (|Lange et all 12005 b(l . This error could 
be further reduced by using the B — ► X s ^ hard ker- 
nels at Q(a 2 ) a calcu l ation of which is almost complete 
( Becher and Neuberd . l2007h . but a similarly demanding 
calculation of the hard kernel in B — > X u li>i at the same 
order would be needed. Another hurdle is the estimation 
of the subleading shape functions - to gain in precision 
one would need to go beyond modeling. 

A different approach that can reduce the dependence 
on shape functions is a combined cut on the leptonic 
mom entum transfer q 2 and th e hadronic invariant mass 
M x ([Bauer et all l200Cj l200ll ). so that a larger portion 
of phas e space is used. Furthermore, it has b een sug- 
gested ijBigi and Uraltsevl . ll99ilVoloshinl . l200lh that un- 
certainties from weak annihilation can be reduced by 
making a cut on the high q 2 region. Another theoreti- 
cal approach, Dressed Gluon Exponentiation, that uses a 
renormalon inspired model for the leading shape function 
has been advocated ( Andersen and Gardil |2006| ). Follow- 
ing these approaches, and taking advantage of the large 
statistics at a SFF, a precision on \V u b\ of 3-5% from 
inclusive modes may be possible. 

For the exclusive \V u b\ determination, the decay B — > 
ttWi is primarily used, although decays such as B — > plDi 
also provide useful information, and, as discussed in Sec- 
tion [TTLCl leptonic decays B — > Ify can be used to ob- 
tain a tree-level determination of \V u b\ that is sensitive 
to NP effects. Nonperturbative information on B — > ixlvi 
form factors comes from lattice QCD for q 2 > 16 GeV 2 , 
while light cone sum rules can be used for q 2 — > 0. Us- 
ing current lattice QCD results in their range of appli- 
> 16 G eV 2 , HFAG fi nds IK* I = (3.33 i 
10~ 3 (lAthar et all 120031: lAubert et all 



cability q~ 
0.2lt£I) > 



12007ml: fearberio et all l2007t iHokuue et all l2007tl us 



ing t he unquenched HPQCD calculation (|Dalgic et all 
I2006H . and \V ub \ = (3.55 ± Q.22±%%) x 10" 3 for the 
unquenched cal c ulatio n from the FNAL collaboration 
( Qkamoto et all l2005l l. A number of extrapolation 



can be used for 


V, 


h determination (1 Arnesen et all 


2005: 


Becher and Hill 


2006: Becirevic and KaidalovL 


2000: 


Bovd et aLl. 11995: 


Bovd and Savage, 1997; Hill, 2006). A 



recent discussion of their use is given in Ball (2006). 

The current status is somewhat problematic: inclu- 
sive methods give \ V u b\ values systematically larger than 
the exclusive methods, and are also in disagr eement with 
direct s in 20 d e termination at ~ 2a level (Bona et al. . 
2006bl l2007ri ICharles et all 120051 : iLunghi and ~ . 
20071 ). INeubertl (|2008l ) argued recently that, due to 



model dependence introduced by the shape function and 
contributions other than those from the Q-j 1 operator, 
the b — > s"f data should not be used in the \V U b\ de- 
termination. Using rrib determined only from b — ► civ 
and the theoretically cleanest Mx cut, Neubert finds 
\V ub \ = (3.70 ± 0.15 ± 0.28) x 10~ 3 , resolving the dis- 
agreement. 

The SFF will give much improved determinations of 
\V u b\ using the exclusive approach, where the statisti- 
cal errors currently control the precision of the measure- 
ments. Here one requires precise determinations of the 
q 2 spectrum, in the low recoil region where the rate is 
very small. The large data sample at a SFF will allow 
measurements of binned spectra with precision of a few 
percent. Assuming that lattice QCD can reach a compa- 
rable level of precision, an error of 3-5% on \V u b\ from 
the exclusive approach appears attainable at a SFF. 



C. Determination of \V t d\ and \V ts \ from loop processes 

The values of the CKM matrix elements \Vt d \ and |Vts| 
can only be studied in loop processes at a SFF. These 
include both mixing (AF = 2) and decay (AF — 1) pro- 
cesses. Specifically, the ratio |V t£ j|/|Vt s | can be obtained 
by comparing the BsrBd and B s -B s mass differences, or 
from the ratio of, for example, b — ► dj and b — * sj radia- 
tive decays. Since both are loop mediated processes they 
are sensitive to NP. 

The oscillation frequencies in Bd^ s ~Bd. s mixing deter- 
mine the mass differences. These are short distance dom- 
inated and depend on the CKM matrix elements as 



AM d =Mi-Mt = 
_ G\M Bd 



6tt 2 



m w\ v tbV t * d \ rj B S {x t )f Bd B l 



(55) 



and similarly for the B s system with the substitution d — > 
s. Here 775 5b (^t) encodes the short-distance information 
in the Inami-Lim function So(xt) that depends on the 
top mass through x t — m 2 /m 2 v , while tjb — 0.55 is a 
numerical factor containing NL O QCD corrections due 
to running from mw to fi ~ mb ( Buras et q?J . ll990T l. 

The mass difference is precisely measured in the B d - 
B d system w ith the p re sent WA AM d = 505 ± 
0.005 ps- 1 (jAbe et all 120051 : lAubert et all l2006dr . 
iBarberio et al. . 12007 ) . Further improvement of this mea- 
surement at a SFF is not likely to reduce the error 
on |Vtd|, which is dominated at present by theory (lat- 
tice) errors. The B s —B s mixing parameter AM, has 
recently been measured at the Tevatron to be AM S — 
17.77i0.10i0.07ps" 1 (|Abulencia et a/.l . l2006f) . Again, 
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lattice errors limit the direct extraction of \Vt s \ from this 
result. 

The parameters fg d s and B Bd a have been com- 
puted in l attice QCD using a va riety of methods (see 
lOkamotol ()2006D : lTantald (|2007h for recent reviews) . 
Both quenched and unquenched determinations of the 
decay constants are available. For the bag parameters 
the quenching effect is not very important. For in- 
stance, the analogous quantity Bk of the kaon system 
has been computed in unquenched simulations using do- 
mai n wall quarks, and is now known to about 5 — 6% er- 
ror ( Antonio et aLl . [2008h . In fact, separating out the de- 
cay constants from fg d s */ ' Bs d ~ is a notational artefact 
remainin g from the days of vacuum saturation a pprox- 
imation ([Bernard et all Il998t iDalgic et all l2007h . Cal- 
culating the product instead can lead to reduced errors. 

The best constraint comes at present from the ratio of 
the mass differences 



AM, M B 



AM, 



M 



v. 



Is 



(56) 



where £ = f B , \jB Bs / fs d \jB Bd ■ Several theoret- 
ical uncertainties cancel out in this ratio. From 
Eg. ([56")) and the experimental values of AM^ and 
AM., given a bove, one obtains IVtrf /VtsI = 0.2060 ± 



0.0007 



(|Abulencia et all [2006) where the first er- 
ror is experimental and the second theoretical, from 



+0.0081 
-0.0060 



1.21 



+0.047 

-0.035 



which is obtained from 



the input value £ 
an average of i if = 2 partially quenched simulations 
( Okamotoll2006f h Thus, the lattice uncertainty also dom- 
inates this constraint; indeed the stated errors here may 
well be an underestimate. However, unqu enched preci- 
sion c alculations of £ are underway; see e.g. IDalgic et all 
( 20071 ) and certainly by the time of SFF the stated error 
on £ should be confirmed. 

An alternative determination of |Vt<j/I4s| can be ob- 
tained from the ratio of b — > dry and b — > S7 rare radiative 
decays. This is discussed in more detail in Section lVIII.Cl 
and we give here only a brief account. Taking the ratio 
of B — > p-f and B — > K*j exclusive decays, the hadronic 
matrix elements cancel to a good approximation, giving 



B(B -> K*j) 



V td 



M% 



m. 



M% 



' K* 



( 2 {1 + AR). 



(57) 

Here £ is the ratio of the B — > p/K* tensor form factors 
and equals 1 in the SU(3) limit, and AR describes the ef- 
fect of the weak annihilation in B ± — > p J. As discussed 
in Section IVIII.Q this gives results in good agreement 
with the determination from neutral B d , s meson mixing, 
albeit with larger errors that, for now, are predominatly 
experimental in origin. We note that the corresponding 
inclusive radiative modes can be used as well, provided 
that the ss background in b — ► dry modes can be reliably 
taken into account. 

Theoretically, an extremely clean determination of 



TABLE VI Precision on sides determination, current versus 
projected in the SFF era. Since in some cases the error is 
dominated by theory the projected improvements are based 
on expectations for theory. 



Side 


Current accuracy 


Projected accuracy 


Vet excl. 


4-5% 


2-3 % 


Vcb inch 


1.5-2% 


0.7-1% 


Vub excl. 


~ 18% 


3-5% 


V u b inch 


-8% 


3-5% 


Vt d /Vts 


5-6% 


3-4% 



\v td /v u 



is possible using the ratio (jBuras et 
B(B 



X d w) 

B(B -> X a vv) 



V td 



(58) 



which is predicted in the SM with essentially no hadronic 
uncertainties. However, the inclusive modes in Eq. (|58|) 
are very challenging experimentally because of the pres- 
ence of the two undetected neutrinos. Nevertheless, stud- 
ies of these decays, in particular in exclusive final states, 
can be started at a SFF, as we discuss in Section rVlII.B.2l 
We mention here that since the exclusive modes are sub- 
ject to SU(3) breaking, an extraction of V t d/V ts without 
theory uncertainty can only be obtained from inclusive 
measurements. 

Table PVTl summarizes the current versus the estimated 
error in the SFF era. 



VI. TIME-DEPENDENT CP ASYMMETRY IN 
PENGUIN-DOMINATED MODES 

Penguin dominated hadronic B decays offer one of the 
most promising sets of observables to search for new 
sources of CP violation. The time dependent CP asym- 
metry in channels such as B° — > 4>Ks and B° — > rj'Ks 
gives in the SM the value of sin 2(3 that should be the 
same (up to suppressed terms) as the one determined 
from the tree dominated "golden" mode B° — > J/ipKs 
(cf. Section HV.Ap . However, since B° — > <fiKs and 
B° — > i] ' Ks are loop dominated, NP contributions can 
modify this prediction. 

The decay amplitude for the penguin dominated AS = 
1 charmless B decay can be written as 



M(B° 



(59) 



where the "tree" amplitude, AJ, and "penguin" am- 
plitude, A°p are multiplied by different CKM elements 

(s) 

Ag = V q bV* s . This is a general decomposition. Using 
CKM unitarity, A^' = -Al s) - , any SM contribu- 



tion can be cast in the form of Eq. (|B"9")) . The "tree" 
contribution is suppressed by a factor IaI^/Ac^I ~ 1/50 
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sin(2(3 eff ) 



sin(2of ) | 



H FAG 



PRELIMINARY 



b-Vccs World Avierage 
BaBar ! 
* Belle ! 
Average ; 

" BaBar" "■ 

* Belle ; 
F Average \ 

BaBar "; 
^ Belle j 
^jP Average I 
" " m " BaBar "; 

* Belle ; 
K Average \ 



Average \ 
"BaBar": 
Belle ; 
Average ■ 
B a B ar " 
Belle i 
Average ; 
B aBar"; 



Belle 
Average 1 
BaBar "; 
^ Belle ; 
Average ; 



0.68 + 0.03 
0.21 ±0.26 ±0.11 
0.50 ±0.21 ±0.06 
0.39 ±0.17 
0.58 ±0.10 ±0.03 
0.64 ±0.10 ±0.04 
0.61 ±0.07 
~0.~71 ±a24~±0~.04~ 
0.30 ±0.32 ±0.08 
0.58 ±0.20 
b.~40±a23~±G~.03~ 
0.33 ±0.35 ±0.08 
0.38 ±0.1 9 
d.6"l"!o|±6!69"±0".O8" 

o.6i :°£ 

0.62^:30 ±0.02 
0.11 ±0.46±0.07 
0.48 ± 0.24 
~0.~25±6^6~±G~.1G~ 
0.18±0.23±0.11 
0.21 ±0.19 
-0.72 + 071" ±0.08 
-0.43 ± 0.49 ± 0.09 
-0.52 ±0.41 

" "6>6±b.ii "tS5T" 

Q.68±0.15±0.03 *lf 3 
: 0.73 ±0.10 
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FIG. 13 HFAG compilation of sin(2/T 



-rifSf measure- 



ment s in b — -» s penguin dominated decays (Barbcrio et al, 
I2007T ) compared to sin(2/3) from b — > ccs decays to charmonia 
such as B° — » J/ipK°. The figure does not include the recent 
BABAR result on B° —> foK% fro m the time-dependen t Dalitz 
plot analysis of B — ► tv^tv ~K% (jAubert et aUl2007wl ). which 
has highly non-Gaussian uncertainties. 



and can be neglected to first approximation. Following 
the same steps as for the "golden" , tree-dominated mode 
5° -> J/ipKs in Eq. K35J}, this then gives A/ ~ ry/e" 2 ^ 
with rjf = +1 (—1) for CP-even (CP-odd) final states. 
Therefore, the SM expectation is that 



r]fSf ~ sin 2/3, A 



f 



0. 



(60) 



The same is expected for mixing-induced CP viola- 
tion in B° J/ipK° as described in Section IIV.AI 
Here the measurements are quite mature, with the latest 
world a verage (including bot h J/tpKs and J/i/jKl nna l 
states) (|Barberio et a/.l , l2007t) 



sin 2/3 fa S J/i>K o = 0.668 ± 0.026 . 



(61) 



The B factories have measured in the past few years 
time-dependent CP violation parameters for a num- 
ber of b — > s modes, including B° — > (j)K°, B° — > 
77'^°, 5° -> K S K S K S , B° -» 7r°X s , 5° -> 
£° -► w ^, ff° -> foK° B° - > 7r°7r ^ and 
g° -> K + K ~K° (I Abe ef' aU l2007dld k lAubert aU 
120061 l2007illiM ]lwl l2008bl : I Chen et aU l2007ah . A re- 



cent compilation of these results is shown in Figure [13] 
To make the test of SM more transparent it is convenient 
to introduce 



ASf = -i]fSf - Sj/^ K o. 



(62) 



TABLE VII Current experi mental world averages for ASf 
and A j l|Barberio et aUl2007r i. The recent BABAR result from 
on B° -> fpK % from time-dependen t B° -> tv + tv~K° Dalitz 



plot analysis ( Aubert et all |2007wT ) is not included, since it 
has highly non-Gaussian uncertainties. 



Mode 



AS 



f 



A 



<t>K° 
K s KsKs 

TT°K S 

P°K S 

LO°K S 

foK° 


7T TV 1\ S 

K + K~K° 



-0.28 ±0.17 
-0.06 ±0.08 
-0.09 ±0.20 
-0.29 ±0.19 

-0.06l° j 6 7 
-0.19 ±0.24 
-0.46 ±0.18 
-1.19 ±0.41 

0.06 ±0.10 



0.01 ±0.12 
0.09 ±0.06 
0.14 ±0.15 
-0.14 ±0.11 
-0.02 ±0.29 
0.21 ±0.19 
-0.08 ±0.12 
-0.18 ±0.22 
-0.07 ±0.08 



where / is a penguin-dominated final state. Up to small 
corrections to be discussed below, one has ASf = in 
the SM. A summary of the current experimental world 
averages for ASf is given in Table IVTT1 

So far we have neglected the "tree" amplitude AJ of 
Eq. (|59[) . In many of the penguin dominated modes, 
e.g. uKs, p°Ks,tt°Ks, the amplitude Aj receives con- 
tributions from the b — + uus tree operators which can 
partially lift the large CKM suppression. To first order 
in r f = (X^A^/jX^A^) one has (ICheng et all l2005at 
iGronaul . Il989t iGrossman et all l2003aj) 



ASf =2|r/| cos 2/3 sin 7 cos (5/, 
Af =2\rf\siii"fsm5f, 



(63) 



with a strong phase Sf = aig(Ai/Aj). Both ASf and 
Af can thus deviate appreciably from zero, if the ratio 
AJ/Af is large. Most importantly, the size of this ra- 
tio is channel dependent and will give different ASf for 
different modes. We thus turn next to the theoretical 
estimates of ASf. 



A. Theoretical estimates for AS 



f 



The original pa pers ( Ciuchini et all 1997a : Fleischer 



1997; Gronau 



Grossman and Worahl " 11997 
London and Sonil . Il997t ) that suggested ASf (Eq. (jrJ2"j) ) 
as a powerful tool for new physics searches used 
naive factorization. In recent years several theoret- 
ical reappraisals have been performed using several 
different approach es to calcu l ate ASf (for detailed 
reviews, see e.g. 
The methods used 



(|Silvestrinil . 120071 : IZupanL I2007bh 1. 
are either based on 



metrv relations (IBuras et al. 


, 2003, 2004a.b, 2005 


2006 


: Engelhard et al. 


, 20051: Engelhard and Raz 


2005 


; iFleischer et al.. 


20071 iGronau et al. 2004allc 


2006bt Grossman et all 2003a): or use the 1 Irrih 



28 



expansion QCD fa ctoriz at ion (QCDF) (iBenekd . 
120051: iBuchalla , et ail . 120051: I Cheng : et all l2005aUbh 
perturbative Q CD (pQCD) (|Ali et all [2007 : 
iLi and Mishimal . 120061). and Soft-Collin ear Effective 
Th eory (SCET) ([Williamson and Zupanl . l2006h . Ta- 
ble IVlTT] summarizes some of the findings. 

The SU(3) relations typically give only loose con- 
straints on ASf since the bounds involve sums of ampli- 
tudes, where relative phases are unknown. Furthermore, 
SU(3) breaking is hard to estimate and all the analy- 
ses are done only at leading order in the breaking. The 
1 /rrib expansion on the other hand provides a systematic 
framework where higher order corrections can in princi- 
ple be included. The three approaches: QCDF, pQCD 
and SCET, while all using the 1/rnb expansion, differ 
in details such as the trea tment of higher order correc- 
tions, charming penguins (jCiuchini et Mi 120011 . Il997bl) 
and the sc ale at which the treatment is still deeme d per- 
turbative (jBauer et all 120051 : iBeneke et "o*l l2005ah . 

Experimental observations of large direct CP asym- 
metries in several ex cl usive B decay mo d es, su ch as 



TABLE VIII Expectations for ASf in three cleanest modes. 



K + tt- (Aubcrt et a 



l2007rt . IChao et all l2004h and 
(jlshino et all 120071 ) require large strong phases. 
In different theoretical approaches th ese are seen t o come 
from different sources. In pQCD (jKeum et al ., 2001) 
they arise from annihilation diagrams and are deemed 
calculable using a phenomenological parameter hr as 
an endpoint divergence regulator. In QCDF the large 
strong phase is deemed nonperturbative and comes from 
endpoint divergent weak annihilation diagrams and the 
chirally-enhanced power corrections to hard spectator 
scattering. It is then modeled using nonperturbative pa- 
rameters. In SCET the strong phase is assigned to non- 
perturbative charming peng uins, while ann i hilatio n dia- 
grams are found to be real ( Arnesen et all [2006) . The 
n onperturbative terms are fit from data. In the approach 
of lCheng et al} (2005a. b e]) the strong phases are assumed 
to come from final state interactions. These are then cal- 
culated from on-shell rescattering of 2-body modes, while 
QCDF is used for the short-distance part. 



B. Theoretically cleanest modes 

The deviations ASf are e xpected to be the sma l lest in 
rj'K , (f>K° and K S K S K S ([Gershon and Hazumil . |200l 
channels, making them the theoretically cleanest probes 
of NP, see Table IVTiTl The tree pollution in the de- 
cays B — > 4>K° , KsK$Ks is small since the tree oper- 
ators Qi,2 do not contribute at all (taking ^ to be a 
pure ss state). Thus ASf 7^ arises only from EWP 
contributions. In B — > r)'K°, on the other hand, tree 
operators do contribute. However, the penguin contri- 
bution is enhance d, as signaled by the large B — > n'K 
branching ratios (Aubert et all l2007ri iBarberio et all 
l2007t ISchumann et aLl . l2006f) . giving again a small tree- 
to-penguin ratio rf. The differences in the predicted 
values of AS n >K s seen i n Table IVnTl can be attributed to 



Model 
QCDF+FSI a 
QCDF b 
QCDF C 

SCET d 
pQCD° 



4>K° 
03+ 01 
0.02 ±0.01 
0.02 ±0.01 



0.02 ±0.01 



n'K° 

00+ 00 
u.uu_ 04 

0.01 ±0.01 

0.01 ±0.02 

-0.019 ±0.009 

-0.010 ±0.010 



K S K S K° 
02+ 00 

u - uz -0.04 



a Cheng et al. f2005a .b) 
c Buchalla et al. (2005) 
e Li and Mishima (2006) 



J Beneke (2005) 

'Williamson and Zunan (2006 



different determinations of strong phases and nonpertur- 
bative parameters. While only the SCET prediction of 
AS^Ks i s negative (going in the direction of the exper- 
imental central value), all the calculations find |AiSyK-sl 
to be small. To establish clear evidence of NP effects 
in these decays, a deviation of ASf from zero that is 
much larger than the estimated theoretical uncertainty 
is needed. 



C. Comparison with SM value of sin 2/3 

As experimental errors reduce, for a number of modes 
the deviations of ASf from zero may become significant. 
The translation of the measured values of ASf into a 
deviation from the SM then becomes nontrivial. How- 
ever, forgetting about this issue and just averaging over 
the experimental data giv en in T able IVIII gives a value 
of (ASf) = -0.11 ± 0.06 (|Barberio et all 120071) (using 
only the theoretically cleanest modes rj'K , <pK° and 
K S K S K°, one obtains instead (ASf) = -0.09 ± 0.07). 

Different approaches t hat take into ac count theoretical 
predictions are possible ( Zupanl . l2007bl ). Correcting for 
the SM value of ASf by defining (ASf) COIT = (AS f ) oxp - 
(A<S/)thi one has several choices that can be taken for 
(ASf)th, including: (i) to use all available theoretical 
predictions in a particular framework (e.g. QCDF), and 
to discard remaining experimental data, (ii) to use the 
theoretical prediction for each channel that is closest to 
the experimental data (and neglecting three-body decays 
where only one group has made predictions). The first 
prescr iption gives ((ASf) COII ) = — 0.133 ± 0.063 (|Zupanl 
l2007bl ). Interestingly enough the second prescription 
gives almost exactly the same result. 



D. Experimental prospects 

Several previous studies have considered the poten- 
tial of a SFF to improve the measurements of ASf to 
at least the level of the current theoretical uncertainty 
in a wide range of channels, including all the theoreti- 
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cally cleanest modes (lAkerovd et al\, 2004 Bona et al. , 



2007d: iGershon and Sonil . l2007t iHashimoto et all 12004 : 
Hewett et all 2004^ By extrapolating the current ex- 
perimental measurements, these studies show that data 
samples of at least 50 ab~ x (containing at least 50 x 10 9 
BB pairs) will be necessary. This roughly corresponds to 
five years of operation for a facility with peak luminosity 
of 10 36 cm _2 s _1 and data taking efficiency comparable to 
the current B factories. These studies also indicate the 
systematic uncertainties are unlikely to cause any unsur- 
mountable problems at the few percent precision level 
that will be reached (although the Dalitz plot struc ture 
of the B° K+K-K decay (lAubert et aZ.L l2007oh will 
need to be clarified to obtain high precision on S^k )- 

One may consider the potential of a hadronic machine 
to address these modes. At present, it appears that <j)Ks 
is difficult, but not impossible to trigger and reconstruct 
in the hadronic environment, due to the small opening 
angle in </> — > K + K~; r/'Kg is challenging since neutral 
particles are involved in the rj' decay chain; for KsKsKs 
meanwhile, there are no charged tracks originating from 
the B vertex, and so both triggering and reconstruction 
seem highly complicated. Modes containing Kl mesons 
in the final state may be considered impossible to study 
at a hadron machine. Furthermore, due to the theoretical 
uncertainties discussed above, there is a clear advantage 
provided by the ability to study multiple channels and to 
make complementary measurements that check that the 
theory errors are under control. Thus, these modes point 
to a Super Flavor Factory, with integrated luminosity of 
at least 50 ab _1 . 



VII. NULL TESTS OF THE SM 

An important tool in searching for new flavor physics 
effects are the observables that vanish or are very small 
in the SM, have small calculable corrections and poten- 
tially large new physics effects. Several examples of such 
null tests of the SM are discussed at length in separate 
sections of this review: 



As discussed in Section IVIII.A.ll the untagged 
direct CP asymmetry AgpjB — > X s+l jj) van- 
ishes in the U -spin limit (|Hurth and Manne I 111 
ISoaresl Il99ll) . 4 The leading SU(3) breaking cor- 
rections are of order (m K /mh) 2 ~ 5 • 10~ 4 giving 
Agpj B -> X s+dl ) ~ 3 • 10" 6 (|Hurth and Marine! 
I200lh . This can be easily modified by new physics 
contributions. For instance, in the MSSM with 
nonvanishing flavor blind phases Aqp{B — > X s+ dj) 
can be a few percent, while more general flavor 
violatio n can saturate the present experimental 
bounds (|Hurth et a/.l . 120051) . 



• Photon polarization in B — > Vj decays. As dis- 
cussed in Section rvni.A.3i the time dependent CP 
asymmetry, S, in B(t) — > jK* (Kstt° , p, ...) can be 
used as quasi-null tests of the SM. 

• Lepton flavor violating r decays such as r — > [xj, 
t — > 3/i, etc., would be a clear signal of new physics. 
The theoretical expectations and SFF reach are dis- 
cussed in Section |XH 

• CP asymmetry from interference of decay and mix- 
ing in AS = 1 penguin dominated decays, Sf, is 
equal to sin 2/3 up to CKM suppressed hadronic 
corrections. As shown in Section IVfl the precision 
of this test is at the few percent level or below for 
several modes such as B — > rf Ks,(f>Ks, KsKsKs 
decays. New physics contributions can easily ac- 
commodate much larger deviations. 

In this section we give some further examples of null tests. 



A. Isospin sum-rules in B — > Ktx 



As first discussed b y iLipkinl ( 19991 ) and by 
iGronau and Rosnerl ( 19991 ) the following sum of CP av- 
eraged B — > Kit decay widths 



AL = 



r(K°ir-) 



2T(K°n )-T(K-Tr+)+ 
2T{K-tt°) -T(K°n-] 



(64) 



vanishes in the SM up to second order in two 
small parameters: the EWP-to-penguin ratio and 
the doubly CKM suppressed tree-to-penguin ratio. 
Assuming isospin symmetry, the LO SCET theory 

Th 

predic tion is AL = (2.0 ± 0.9 ± 0.7 ± 0.4) x 
10~ 2 ([Williamson and Zupanl . 120061 ). which is compat- 
ible with and more pre ci se th an a QCDF predic- 
tion ( Beneke and Neubertj . 120031 ) . Remaining isospi n 



breaking contributions are small ( Gronau et all l2006ah . 
The experimental value has at present much larger errors, 



AL =' 0.13 ± 0.09 jAbe et all 120074 lAubert et all 



2006h, 2 0071H . 12008 riBarberio et al.l . l2007l) . The preci- 
sion of the branching fraction measurements of all input 
modes would need to be improved to make a significant 
reduction in this experimental uncertainty at a SFF. The 
measurements currently have comparable statistical and 
systematic uncertainties, so this is not straightforward. 
However, some modest reduction of uncertainties due to 
Ks and 7r° reconstruction efficiencies can be expected, 
so that this test may become at least a factor two more 
stringent. 

A quantity that is even further suppressed in SM is 
a similar sum of partial decay width differences Ar = 
T(B -> /) - T(B -> /) 



Av = 



For neutral B decays potential nonzero contributions, such as 
annihilation, start at a s (mi,)/m^ order. 



2Ar(x°7r°) - Ar(^-7r+)+ 

2AT(K-n a ) - AT{K°tt-) 



(65) 
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In the l imit of exact isospin and no EWP Ay- 
vanis hes ( Atwood and Soni Il998at iGronau and RosneH . 
2005). Furthermore, the correction s due to EWP are 
subleading in the I /nib expansion (|GronauL I2005T) . so 
that Aj2 is expected to be below 1%. Experimentally, 

, A H E = P " ± 0-10 (|Abe et all l2007dli3: lAubert et all 
2006r], l2007ifl . l2008ri iBarberio et all 1200 7 where the 
uncertainty is dominated by the Acp(^° K°) experimen- 
tal error. This is large because the reconstructed final 
state for this mode (tt Ks) is a CP eigenstate contain- 
ing no information on the initial B meson flavor. The 
required flavour tagging comes at a statistical cost that 
is, however, less severe at an e + e~ B factory than at a 
hadron collider. Therefore, this SM test is unique to a 
SFF, where a significant improvement compared to the 
current precision can be expected. 

The above sum rules given in Eq. (|64|) and Eq. (|65j) 
can be violated by NP that breaks isospin symmetry. An 
example is given by NP contributio ns to EWP , exten - 
sively discussed in t he literature (see lBaek et al. I (|2005l) : 
iBuras et al\ ( 2004al ) and references therein). 



rates between B° — > K$Ks and B° — > K^Kl, as well as 
resulting in a non-zero rate for B° — > K$Kl. 



C. CP asymmetry in 7r + 7r° 

Since tt + tt° is an / = 2 final state, only tree and 
EWP operators contribute to the B + — ► 7r + 7r° de- 
cay amplitude. Therefore, the direct CP asymmetry 
A T +„o is expected to be very s mall. Theoretical es- 
timat e s range betwe en <0.1% dBeneke and Neubert . 

20031: IGronau et all Il999h to 0(1%) flCheng et al . 
2005(3 ). The current average of th e B factory results is 



Ar,p(B+ -> tt+tt ) = 0.06 ± 0.05 (|Aubert et all l2007vA 
IBarberio et all [20071 ). Further theoretical studies of this 
observable would be desired to match the precision at- 
tainable at a SFF. 



D. Semi-inclusive hadronic B decays 



B. b — > ssd and b — ► dds decays 

In the SM b — > ssd and b — > dds transitions are highly 
suppresse d, proceeding^ thro ugh a VT-up-type-quark box 
diagram ( Huitu et a/.l .lT998). Compared to the penguin 
transitions b — ► qqs and b — ► qqd they are additionally 
suppressed by the CKM factor V td V t * s ~ A 5 ~ 3 • 10~' 5 
and are thus exceedingly small in the SM, with inclusive 
decay rates at the level of 10~ 12 and 10~ 14 f or b — > ssd 
and b — > dds, respectively ( Faifer et all l2006h . 

These amplitudes can be significantly enhanced in 
SM extensions, for instance in MSSM with or without 
conserved R parity, or in the models containing extra 
U(l) gauge bosons. For example, the b — > ssd de- 
cays B~ -> K*~K*° and B~ -> K~K*° can reach 
~ 6 • 10~ 9 in the MSSM, while th ey are ~ 7 • 10~ 14 
in the SM (|Faifer and Singerl . l200Ch . Note that the fla- 
vor of K*° is tagged using the decay into the K~n + 
final state. The b — > dds transitions B~ — ► ir~ K*° 
and B~ — > p~K*° can be enhanced from ~ 10~ 16 in 
the SM to ~ 10~ 6 in the presence of an extra Z' bo- 
son ( Faifer et aLl . 12006). The relevant experimental up- 
per limits are B(B~ -> K~K-n +) < 1.3 x 10" 6 an d 
B{B- K+TT-JT-) < 1.8 x 10~ 6 (lAubert et all l2003h . 
Although these decays are background limited, improve- 
ments in these limits by almost two orders of magnitude 
can be expected from a SFF. 

Although the observation of highly suppressed SM de- 
cays would provide the clearest signal for NP in these 
decay amplitudes, there are a number of other possi- 
ble s ignals for such wrong sign kaons (jChun and Lei . 
2003). For example, these amplitudes could invalidate 
the isospin relations given above, cause a non-zero CP 
asymmetry in B~ — > Kstt~ , induce a difference in rates 
between B° — > Ksir and B° — > K^tt or a difference in 



Several semi-inclusive hadronic decays can be used to 
test the SM. For instance, the decays B — > D°X St d and 
B — > D°X Sy d have zero CP asymmetry in the SM, be- 
cause they proceed through a single diagram, and pro- 
vide a check for non-SM corrections to the value of 7 
extracted from B — > DK decays (Section HV.Bp . An- 
other test is provided by flavor untagged semi-inclusive 
B ± -> M°(M°)X± +d decays, where M° is either an 
eigenstate of s «-> d switching symmetry, e.g. Ks, Kl, 
rj' or any charmonium state, or M° and M° are related 
by the s ^> d transformation, e.g. K* a , K*°, and one 
sums over the two states. In the SM the CP asymme- 
try of suc h semi-inclusive decays vanish in the SU(3) fla- 
vor limit (|Gronaul[2000l:ISoni and Zupanl . l2007l ) (this fol- 
lows from the same considerations as for the direct CP 
asymmetry in B — * X s+ dl in Section IVIILA.!]) . The 
CP asymmetries are thus both doubly CKM (~ A 2 ) and 
m s /AQCD suppressed. 

If the tagged meson M° is light the CP asymmetries 
can be reliably calculated using SCET in t he end-point 
regio n , whe re M° has energy close to mt / 2 (|Chav et all 
I2006L l2007t) . This gives CP asymmetries for B ± 
M°Xf +d below 1% for each of M° = (K s ,rf,(K 



s +d 

K*°) (lAtwood and Sonil. Il997l Il998ri iHou and TseneL 



*o 



119981 : ISoni and Zupanl . \20m 



These modes can be studied at a SFF using inclu- 
sive reconstruction of the X system by taking advantage 
of the recoil analysis technique that is possible due to 
the e + e~ — > T(4S) — > B + B~ production chain. The 
method has been implemented for meas urement of in- 
clusiv e charmless B — > K + (K°)X decays (jAubert et all 
as well as having multiple applications for studies 
of e.g. b — * sj and b — > sl + l~ . With SFF data samples, 
this class of important null tests can be probed to 0(1%) 
precision. 
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E. Transverse r polarization in semileptonic decays 

The transverse polarization of tau leptons produces in 
b — > ctv decays, defined as p^ = S T ■ p T x Px/\Pt x Px|, 
where 5V is the spin of the r, is a very clean observ- 
able since it vanishes in the SM. On the other hand it is 
very sensitive to the presence of a CP-odd phase in scalar 
interactions. It is thus well suited a s a probe of CP vio- 
lating multi-Higgs doublet models (Atwood et all Il993t 



19951) . 



iGaristol . Il995t lG rossman and Liget 

Since p^ is a naive T N -odd observable it does not re- 
quire a non-zero strong phase. The fact that p^ arises 
from an underlying CP-odd phase can be verified exper- 
imentally by comparing the asymmetry in B with B de- 
cays whence it should change sign reflecting a change in 
the sign of the CP-odd phase. 

In principle any charged lepton could be used for 
such searches. Indeed, the transverse muon polariza- 
tion i n kaon decays has been of interest for a very long 
time (|Abe et all |2004 l2006bf) . The advantage of using 
the tau lepton is that r decays serve as self-analyzers 
of the polarization. This p ropery has already been ex- 
ploited at the B factories ( Inami et all 120031 ). On the 
other hand, any semitauonic B decay contains at least 
two neutrinos, so that kinematic constraints from the re- 
construction of the recoiling B are essential. 

In passing we mention that, as mentioned in Sec- 
tion IIII. CI the rates and differential distributions in 
B — > D^tv decays are se nsitive to contr i bution s from 
charged Higgs exchanges ( Kiers and Sonil . Il997r i. The 
first st udies of these are being carried ou t at th e B fac- 
tories ( Aubert et oZl. l2007sllMatvja et aLl . l2007l ). though 
much larger data samples are needed for precise mea- 
surements. On the other hand, a T CP is theoretically ex- 
tremely clean, so that experimental issues are the only 
limiting factor. Thus, transverse polarization studies in 
these semitauonic decays will be a unique new possibilty 
for exploration at a SFF. 



VIII. RARE b -> s 7 AND b -> s£+£' DECAYS 

The decays b — > 57 and b — > sl + £~ are forbidden at 
tree level in the Standard Model. They do proceed at 
loop level, through diagrams with internal W bosons and 
charge +2/3 quarks, which has several important impli- 
cations. First, the b — > s/dj amplitudes are particularly 
sensitive to the weak couplings of the top quark - the 
CKM matrix elements Vtb, Vt s and Vtd- Along with B — B 
mixing, these processes are the only (low energy) exper- 
imental probes of Vtd, one of the least well-known CKM 
matrix elements. Second, the loop suppression of SM 
contributions makes them an important probe of possi- 
ble contributions from new physics particles. As a conse- 
quence a great deal of theoretical and experimental work 
is dedicated to these decays. 

In this Section we review the implications of the rare 
radiative decays for constraining the Standard Model pa- 



rameters, and their relevance in new physics searches. We 
start by briefly reviewing the present theory status and 
then proceed to describe the observables of interest. 



A. B -> X s/d j decays 

1. Inclusive B — > X a /dT1 decays 

The application of the effective Hamiltonian |5]) to ac- 
tual hadronic radiative decays requires knowledge of the 
matrix elements for the operators O v { acting on hadronic 
states. This difficult problem can be addressed in a model 
independent way only in a limited number of cases. 

In inclusive radiative decays b — ► sj, the operator 
product expansion (OPE) and quark-hadron duality can 
be used to make clean predictions for sufficiently in- 
clusive observables: the inclusive rate, the photon en- 
ergy spectrum or t he hadronic i nvari a nt mass sp e ctrum 



dBlok et all 11994 IChav et all 1 19901: iFalk et all 1 1994 
iManohara nd Wise, 1 1994 ). These observables can be 



computed using the heavy quark expansion in AgcD/?^, 
where Aqcd ~ 500 MeV is the scale of strong interac- 
tions. 

The starting point is the optical theorem, which relates 
the imaginary part of the forward scattering amplitude 
T(Ej) = i J d 4 xT{Ttw ,T~iw} to the inclusive rate 



T(B - X sl ) 



1 



2M F 



1 



Im (B\T(ELy)\B). (66) 



Here E 1 is the photon energy. In the heavy quark limit 
the energy release into hadronic final states is very large, 
so that the forward scattering amplitude T(E 1 ) is dom- 
inated by short distances x ~ l/w& — > 0. This implies 
that T(£L), and thus the total B — > X s ~f rate, can be 
expanded in powers of Aqcd / m-b using OPE 



1. 



-Im T = On 



1 



-Ox 



1 



(67) 



Here Oj are the most general local operators of dimen- 
sion 3 + j which can mediate the b — > b transition. At 
leading order there is only one such operator Oq = bb. 
Its matrix element is known exactly from b quark num- 
ber conservation. The dim ension 4 operators 0\ vanish 
by the equations of motion (|Chav et q/J .[l990). while the 
matrix elements of the dimcnsion-5 operators O2 can be 
expressed in terms of two nonperturbative parameters 

Ai = ^-{B\b v (iD) 2 b v \B) , 

(68) 



2M B 
1 



9 



3A 2 = —(B\b v ^CT' M T a b v \B) , 

where b v is the static heavy quark field. The B — > X s j 
decay rate following from the OPE ([BT]) is thus 



T{B -» X sl ) 



167T 4 61 * ' 



x |C 77 (m 6 )| 5 



Ai - 9A 2 



2ml 



(69) 
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The leading term represents the parton level b — > 
s 7 decay width, which is thus recovered as a model- 
independent prediction in the heavy quark limit. The 
nonperturbative corrections to the LO result are doubly 
suppressed, by AQ CD /m 2 . In a physical picture they arise 
from the so-called Fermi motion of the heavy quark inside 
the hadron, and from its interaction with the color gluon 
field inside the hadron. At each order in the Aqcd / rcib 
expansion, these effects are parameterized in terms of a 
small number of nonperturbative parameters. 

In the endpoint region of the photon spectrum, where 
Mb — 2i? 7 ~ Aqcrj, the heavy quark expansion in 
Aqcd/to& breaks down. It is replaced with a simul- 
tanous expansi on in power s of Aocp/wf, and 1 — x, where 
x = 2EJM R (iBigj et all Il994bt iMannel and Neubertl . 
ll994HNeubertlll994h . In this region the invariant mass of 
the hadronic state is M\ ~ Ms Aqcd- The photon spec- 
trum is given by a factorization rela tion ( Bauer et all 
\200i, iKorchemskv and Stermanl [l99l 



I dT(E 7 ) 
Tq dE~/ 



H(E 7 ,ti)S(k + )*J{k++m b -2E 7 ), (70) 



where i/(i? 7 ,/i) contains the effects of hard loop mo- 
menta, J is the jet function describing the physics of the 
hard-collinear loops with MbAqcd off-shellness, S(k + ) is 
the shape function parameterizing bound-state effects in 
the B meson, while the star denotes a convolution over 
soft momentum k + . The nonperturbative shape func- 
tion has to be either extracted from data or modelled 
[commonl y used shape functio n parameterizations can be 
found in (jBosch et all l2004a|) ]. 

The prese nt world aver a ge for t he inclusive branching 



ine present world average tor tnc inclusive branching 
fraction is ( Aubert et all l2005bt IBarberio et all l2007t 
IChen et all boOll : iKoppenburg et all 12004 ) 



B C ^(B - X. 7 )k>i.6 Gov = 
(3.55± ° | shapc ± 0.24| stat/sys ± 0.03| d7 ) x 10~ 4 . 

The errors shown are due to the shape function, exper- 
imental (statistical and systematic combined), and the 
contamination from b — > d 7 events, respectively. 

On the theory side, the SM prediction for the inclu- 
sive br anching fraction ha s recently been advanced to 
NNLO (|Misiak et aLl . l2007h , with the result 

B(B - A s7 )|£NL0 6 = (3 15 ± 23) x 1Q -4 _ (?2) 

where the error combines in quadrature several types 
of uncertainties: nonperturbative (5%), parametric 
(3%), higher-order (3%) and m c — interpolation ambigu- 
ity (3%). The leading unknown nonperturbative cor- 
rections to this prediction arise from spectator contri- 
butions with one hard gluon exchange. They scale 
like C(a s AQCD/"^fc) in the limit m c <C rrib/2 and like 
C(a s Aq CD /m^) in the limit m c 3> rrib/2. An alter- 
native estimate, with the photon energy cut depen- 
dence resummed using an effective theory formalism, 



gives (jBecher and Neubertl . 12007?) 

B(B -> X s7 )||^° 6 GcV = (2.98t° f 7 | pert ± 
±0.16| hadr ±0.1I| pars ±0.09| mc ) x 10- 4 . 



(73) 



This result is about lAa below the central value of the 
experimental measurement. 

The B — > X s "f branching ratio is an important con- 
straint on new physics models as discussed in Section 
IIII1 At present the largest error limiting the precision of 
the test arises from experimental uncertainties. Further- 
more, using the statistics that would be available at a 
Super Flavor Factory, it would be possible to reduce the 
photon energy cut, which can help improve the theoret- 
ical understanding. Theoretical uncertainties will, how- 
ever, ultimately limit the precision, to about the 5% level. 

Another important observable in weak radiative decays 
is the direct CP asymmetry, often called the partial rate 
asymmetry (PRA) 



A 



CP 



T(B -> X-y) - T(B -> A 7 ) 
T(B -> X 1 ) + T{B -> A 7 )' 



(74) 



where X is the CP conjugate of the X state. 

In general, decay amplitudes can be written as the 
sum of two terms with different weak phases (see also 
Eq. |59])) 



A(B -> Xi) = P + e^'A = P (1 + e A 



), (75) 



where e^e 4 * 5 — A/P, and S and tp are the strong and weak 
phase differences. One finds for the direct CP asymmetry 



A CP = 



2ea sin 8 sin ip 



1 



2ea cos 5 cos tp + e \ 



(76) 



in agreement with the well-known result that for Aqp ^ 
both strong and weak phase d i fferen ces need to be 
nonzero [see, e.g. ( Bander et all I19T9T) ]. The direct 
CP asymmetry in b — > s 7 is then suppressed by three 
concuring small factors: i) CKM suppression by ea oc 
|A« /Aj | ~ A 2 , ii) a factor of a s (m\,) required in order 
to generate the strong phase, and iii) a GIM suppres- 
sion factor (m c /mb) 2 , reflecting the fact that in the limit 
m c = m u the charm and up quark penguin loop contri- 
butions cancel in the CP asymmetry. 

The OPE approach discussed above can be used 
to compute also the B — > A,«, 7 direct CP asymme- 
try dKagan and Neubertl . ll998tlKiers ef aLl.l2000l:JSoaresL 
Il99ll ). The most recent update by iHurth et all (|2005l ) 
gives 



AcAB -» X a7 )| £y> i 



6 GcV 



(0.44+ l, ;^| mc/mb ±0.03| C km ±±" H |rg)% 



(77) 



This c an be compa re d to t he current wo rl d av- 
erage (lAubert et all l2004ct IBarberio et all l2007t 
ICoan et all l200lb iNishida et all l2004h 



A CP (b -> s 7 ) = 0.004 ± 0.036 , 



(78) 
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which is compatible with a vanishing or very small direct 
CP asymmetry as expected in the SM. The experimental 
uncertainty is still an order of magnitude greater than 
the theory error, so that a dramatic improvement in the 
precision of this SM test can be achieved with a SFF. 
The ultimate precision is expected to be limited by ex- 
perimental systematics at about the same level as the 
current theory error. 

The theoretical error can be further reduced if one 
considers an even more inclusive B — > X s+ d r y decay. 
In the U-spin symmetry limit, the inclusive partial rate 
asymmetries in B — > A s 7 and B — > Xd'y are equal 
and of opposite signs, AT j B^ 1 - » X s ~/) = -AT(B ± -> 
X d j) (|Hurth and Mannell . 1200 ll ). A similar relation 
holds also for neutral B° meson decays, but with cor- 
rections due to annihilation and other l/m& suppressed 
terms. In the SU(3) limit (m<j = m s ) therefore the inclu- 
sive untagged CP asymmetry Aqp{B — > X s+ dl) vanishes 
in the SM, while the leading SU(3) breaking cor rection 



2005f ). The 



is of order (ms/rrib) 2 ~ 10 -4 (jHurth et all 
inclusive untagged CP asymmetry thus provides a clean 
test of the SM, with very little uncertainty. Any mea- 
surement of a nonzero value would be a clean signal for 
NP. 

A first measurement of the untagged CP asy mmetry 
has been made by BaBAR (|Aubert et all l2006bT ). 



A CP (B X s+dl ) = -0.110±0.115| stat ±0.017| sys . (79) 

A significant reduction of the uncertainity is necessary to 
provide a stringent test of the SM prediction. A SFF will 
be able to measure this quantity to about 1% precision. 



2. Exclusive B — > Vs^'f decays 

The exclusive decays such as B — > K*j or B — > 
Kttj, Ktttt^ are experimentally much cleaner than the 
inclusive channels due to simpler event identification cri- 
teria and background elimination. They are, however, 
more theoretically challenging which limits their useful- 
ness for NP searches. In this subsection we review the 
theoretical progress on B — ► V Sy d"f branching ratios and 
direct CP asymmetries. Theoretically clean observables 
related to photon polarization are then covered in the 
next subsection. The extraction of CKM parameters 
from B — > V s .dj decays is reviewed in Section fVIII. CI 

The B — > U7 decays are dominated by the electromag- 
netic dipole operator Oj 7 , Eq. ([5]). Neglecting for the 
moment the remaining smaller contributions, this gives 



B(B -> K*i) = t b 



16tt 4 



Cr^mlE^m 2 , (80) 



where T\(q 2 ) is a tensor current form factor. Its 
nonperturbative nature is at the heart of theoreti- 
cal uncertainties in B — * U7 decay. In principle 
it can be obtained model independently from lattice 
QCD (Bernar d et all 1994). with first u nquenched stud- 
ies presented in ( Becirevic et all l2007f ). Lattice QCD 




FIG. 14 Typical contributions to the weak annihilation am- 
plitude in B — > K*i (a) and B —* p-y (b) weak radiative 
decays. Additional diagrams with the photon attaching to 
the final state quarks are not shown. 



results are obtained only at large values of the mo- 



mentum transfer q 



11)7 



Extrapolation 



q A then introduces so me model dependence. 



to low 
Using 

the BK parametrizati on ( Becirevic and Kaidalovl l200Cj) . 
Becirevic et ~al\ (|2007h find T? K * (0) = 0.24 ± 0.031^1. 

Another nonperturbative approach is based on QCD 
sum rules, where OPE is applied to correlators of appro- 
priate interpolating operators. Relying on quark-hadron 
duality the OPE result is related to properties of the 
hadronic states. The heavy-to- light form factors in the 
large energy release region can be computed from a mod- 
ification of this approach, called light-cone QCD sum 
rules. Using this framework iBall and Zwickvl ( 20051 ) find 
T x (p) (0) = 0.267 ± 0.021 and T^ K *\o) = 0.333 ± 0.028. 

Relations to other form factors follow in the large 
energy limit Em ^S> Aqcd- In this limit the 
heavy-to-light B — > V form factors have b een stud- 
ied in QCDF (IBeneke and Feldmannl. l200ll) and in 
SCET (iBauer et all 120031 : iBeneke and Feldmannl . 12004 
Urn et all 120*04 [) at leading order in Aqcd /-Em- The 
main result is a factorization formula for heavy-to-light 
form factors consisting of perturbatively calculable fac- 
torizable terms and a nonfactorizable soft term common 
to several form factors. The analysis can be systemati- 
cally extended to higher orders. 

Eq. (|80|) neglects the contributions from the four- 
quark operators Oi_6 and the gluonic dipole operator 
Os g in the weak hamiltonian, Eq. ([5]). These contri- 
butions are of two types: i) short-distance dominated 
loop corrections absorbed into effective Wilson coeffi- 
cients in factorization formula an d ii) weak annihilation 
(WA) type contribut i ons, F i g. [Til (I Ali and Parkhomenkc 



2002t IBeneke et all [200il Bosch and Buchallal 12002 : 



Descotes-Genon and Sachrajdal . 20*b4h . The WA ampli 



tude is power suppressed, 0(Aqcd/w£,), but occurs at 
tree level and is thus also relatively enhanced. It is pro- 
and is CKM suppressed in b — ► S7 tran- 
d"f decays, for instance in B — > 
P7 (jAtwood et all Il996f h At LO in a s and Appn/m 



portional to X^f 1 
sition^ but not in b 



the WA amplitude factoriz e s as shown in (IBeneke et al 



2001 



iBosch and Buchallal 120021 : iGrinstein and Pirjoi 



20001) . 

Direct CP asymmetries in exclusive modes such 
as B — * AT*7 can be estimated using the factor- 

giv es A gp (B — ► K*<y) = 



ization formula. This 

-0.5% (|Bosch and Buchallal l2002f T. in agreement with 
the experimental world average Acp(B —> K*-f) 
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Note that the obtained r is much larger than the estimate 
from electromagnetic penguins only r ~ m s /m b ~ 0.02. 

An effect of similar size is found for B — > V q "f decays 
using SCET, following from a nonfactorizable con tribu- 
tion suppressed by Aqcd/w{, ( Ligeti et all Il997t ) . By 
dimensional arguments the estimate for the r^-. i p ratio 



FIG. 15 Diagram with insertion of the operator 0% which 
contributes to right-handed photon emission. The wavy line 
denotes a photon and the curly line a gluon. 



-0.01 ± 0.028 (lAubert et all l2004al iBarberio et all . 
120071 : iNakao et all l2004h . Since the theory prediction 
depends on poorly known light-cone wave functions and 
unknown power corrections, this observable does not offer 
a precision test of the SM. Some theoretical uncertainties 
can be overcome by exploiting the c ancellation of partial 
rate a symmetries in the U-spin limit ( Hurth and Mannell . 
l200lh , but symmetry breaking corrections are difficult to 
compute in a clean way. Other possible uses of exclusive 
radiative decays to test the SM are discussed below. 



3. Photon polarization in b 



S7 



In the SM the photons emitted in b — > 37 are predom- 
inantly left-handed polarized, and those emitted in b — > 
I7 are predominantly right-handed, in accordance with 
the form of electromagnetic operator Or 7 , Eq. ([7]). In the 
presence of NP the decay into photons of opposite chi- 
rality can be enhanced by a chirality flip on the internal 
heavy NP lines. This observation underlies the proposal 
to use the mixing-induced asym metry in B°(t) — > fy 



decays as a null test of the SM ( Atwood et all Il997bl ). 
The value of S f 7 parameter significantly away from zero 
would signal the presence of NP. The precision of the test 
depends on the SM ratio of the wrong polarization de- 
cay amplitude A(B — > f q "/ R ) and the right polarization 
decay amplitude A(B — > fqji,) for given f q (q = d, s) 



r f e' 



q+ s f ) = MB -> /,7a) 
" A(B -> } qlL ) 



(81) 



Here <p q is a weak phase, and Sf a strong phase. For a CP 
eigenstate / the resulting B°(t) — > fj in terms of r/, Sf 
is given in Eq. (|86p . Keeping only the dominant elec- 
tromagnetic penguin contribution one finds a very small 
ratio rf — m q /mii and (f> q — Sf — 0, independent of the 
final state f q . This estimate can be chang ed, however, 
by hadronic effects (jGrinstein et all l2005t ). The right- 
handed photon amplitude receives contributions from 
charm- and up-quark loop graphs in Fig.[15]with the four- 
quark operators O1-6 in the weak vertex. The largest 
contributions come from the operator O^- 

For inclusive B — > X s j R decays one finds r ~ 0.11 
when integratin g over the part o nic p hase space with 



E~ > 1.8 GeV ([Grinstein et all I2005T) . This estimate 



includes the numerically important G(pf s f3o) correction. 



m q t C 2 Aqcd 



mb ^ ^3CV 7 



(82) 



Here \cf\ is a dimensionless parameter of order one that 
depends on the final hadronic state /. The second term 
remains in the limit of a massless light quark m q — > 0. Al- 
though power suppressed, it is enhanced by the large ra- 
tio CijC r j 1 ~ 3. A dimensional estimate is thus rf ~ 0.1, 
which would translate into an asymmetry (S) of about 
10%, much larger than the LO estimate of m q /mb that 
gives an asymmetry in b — ► s transitions of around 3%. 
A more reliable estimate requires a challenging dynam- 
ical computation of the nonlocal nonfactorizable matrix 
element. However, these theoretical difficulties need not 
stand in the way of experimental progress as there is 
data driven method to separate the SM contamination 
by studyin g the dependence o f the asymmetry on the 
final state ( Atwood et all [20051 ) as we discuss below. 

First steps in the direction of explicit model calcula- 
tions find S(B -> K*-i) = -0.022 ± 0.015 using QCD 
sum rules (Bal l and Zwickvl . l2006a[) , consistent with the 
leading order estimate. In particular, expanding the rel- 
evant nonlocal operator in powers of Aqcditii, / m^. ~ 0.6 
and then keeping only the first term, they o btain for 
f = K*,p [see also ( Khodiamirian "aLl . Il997h ] 



Tf 



Co 



L-L 



m b C 7 mm b m? c T® v (0) 



^ - (0.004 ±0.007), 

m b 

(83) 

with L, L parametrizing B — » K* matrix elements of the 
nonlocal operator. Another calculation using pQCD ob- 
tained a very similar resu lt for the asymmetry, S(B — > 
K s t: j) = -0.035±0.017 (|Matsumori and Sandal l20fffih . 

Experimentally, the photon polarization can be mea- 
sured from time dependent B°(t) — > fj decay utiliz- 
ing the interference of B — B mixi ng with the right- 
and le ft-handed photon amplitudes (| Atwood et alluOOEL 
Il997b( ). In particular, taking the time-dependent asym- 
metry summed over the unobserved photon polarization 



A C p(t) 



r(B°(f) - f lL+R ) - T(B°(t) -» f lL+R ) 



T(B°(t)^ f lL+R )+T(B°(t)- 
— Sfy sin(Ami) — C/ 7 cos(Amt), 



flL+R) 

(84) 



the two coefficients are 
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where A L . R = A(B -> fj LlR ) and A L . R = A(B -> 
Iil.r) ■ Note that Sf~ = when the "wrong" polar- 
ization amplitudes A R and Al vanish. This can be 
made more transparent in a simplified case where / is 
a CP eigenstate with eigenvalue rjcp(f), while also as- 
suming that the B — > f"f transitions are dominated 
by a single weak phase <p q , so that Al,r = ^"cll^r 
and A LiR = er^"jjcp(f)a R . L , where a L , R and a L ,n are 
strong amplitudes. Then 



asymmetries. In addition, further decay modes, such as 
B — ► KsVl, B — > iTg7r + 7r~ 7 and £? — > Ks4>"f can also be 



C /,N 2r / COS,5 /T 

S> 7 = T)cp(f)—r n^Im 



1 



(86) 



and C/ 7 = 0. Here r/ exp(i(5/) = A r /Al as in Eq. (|8"Tj) . 
The asymmetry S/ 7 vanishes in the limit of 100% left- 
handed photon polarization (tf = 0). 

The value of S/ 7 depends crucially also on the mis- 
match between the weak phase <p q of the decay amplitude 
and the Bd. s mixing phases, {q/p)B d = — exp(— 2i/3) and 
(q/p)b s = — 1- There are two distinct categories. For 
Bd — > /s7 and £> s — * f d l decays this phase difference 
is large (2/3) and S/ 7 = cos (5/ sin 2/3 is suppressed 

only by r/. For S d — * ^7 and S s — > f a ~f decays, on 
the other hand, the weak phase difference vanishes so 
that in SM S/ 7 = with negligible theoretical uncer- 
tainty. For NP to modify these predictions it has to in- 
duce large right-handed photon polarization amplitude, 
while for Bd — ► fdl and B s — > / s 7 decays also a new 
weak phase is needed to have S/ 7 7^ 0. 

Current resu lts give a w o rld av e rage Sk*-v = 
—0.1 9 ± 0.23 (lAubert et al. I, l2007nl : iBarberio et 'all , 
120071 : lUshiroda et all l2006h . and the first measure- 
ment of time-dependent asymmetries in b — > dry de- 
cays has recently bee n repo rted, S pl = —0.83 ± 0.65 ± 



0.18 (|Ushiroda et all |2007[ ). These are compatible, 
within experimental errors, with the SM predictions. A 
SFF could reduce the uncertainty on the former to about 
2-3% and on the latter to about 10% (see Table Kill- 
Measurements have also been made over an extended 
range of Kir invariant mass in B — > Ksir°~f. In multi- 
body exclusive radiative decays, a nonvanishing right- 
handed photon amplitude can be present at leading order 
in the 1 / rat expansion. However, using a combination of 
SCET and chiral perturbation theory (ChPT) methods 
applicable in kinematical region with one energetic kaon 
and a soft pion tk-k was found to be numerically less than 
1% due to ki nematical suppression (jGrinstein and Pirioll . 
120051 l2006al ). With the SFF data, the multibody radia- 
tive decays will be most useful to search for SM correc- 
tions to the photon polarization. These effects depend 
on the Dalitz plot positi on, in contrast to N P effects, 
which should be universal (jAtwood et aLl . 120051 ). The LO 
dipole moment operator (as well as NP) would give rise 
to an asymmetry that is independent of the energy of the 
photon whereas the soft gluon effects will give rise to an 
asymmetry that depends on photon energy. Thus there 
is a model independent, completely data driven method 
to search for NP effects by studies of time dependent 



used (jAtwood et all 120071) in a very similar fashion 

Other approaches for probing the photon polariza- 
tion in b — ► S7 decays have been suggested and can 
be employed at a SFF. One powerful idea is to re- 
late the photon polarization information to angular 
distributions of the final state hadron s. Examples 
relev a nt for a SFF are B — > Kttttj (jGronau et all 
l2002t iGronau and Piriol |2002|). and B ± -> if ± (fr y 
(jAtwood et all 120071 : lOrlovskv and ShevchenkoL l2007h . 
Similar tests hav e been suggested also using A& decays , 
such as A h — > A7 (Gremm ef all 1995 : Hiller and Kaga: 



agarj. 
1997) 



l2002t iHiller et all 120071: iMannel and Recksiegell Il99 
and Ah — > vKi (jLegger and Schietingerl . 2007h . 

We consider B — > A s 7 decays, where the final hadronic 
state X s — Kirn, KKK originates from the strong de- 
cay of resonance K XCSl produced in the weak decay B — > 
K lcs j. The lowest lying vector state, the K* , cannot be 
used for this purpose, since the K* polarization is not 
observable in its two-body decay K* — > Kit. This is due 
to the fact that it is impossible to form a T-odd quantity 
from only two vectors, the photon momentum and the K 
momentum, in the K* rest frame. 

The photon polarization can then be measured through 
higher resonance K ICS — ► Kttit decays. The angu- 
lar dis_tribution_of_tliede£ay width in K Tes rest frame 
is (jGronau and Pirioll 12002? ) 



d 2 r 
dsdeose 
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= |ci| 2 |l + cos 2 + 4P 7 i?icos0| 
| 2 {cos 2 + cos 2 2d+l2P 7 R 2 cos 6 cos 2()\ 



+ \c 3 \ 2 B K *( S )sm z 6 

+ {c 12 i(3cos 2 6i-l) + P 7 ci 2 cos 3 0| . 

(87) 

Here 8 is the angle between the direction opposite to the 
photon momentum (— q) and the vector Pn sla „ x (the 
pions are ordered in terms of their momenta). The first 
three terms in Eq. (|87[) correspond respectively to de- 
cays through K res resonances with J p = l + ,2 + and 
1 _ , while the last terms come from l + -2 + interference. 
The hadronic parameters R\^ ca n be computed from 
the Breit-Wigner r esona nt model (jGronau et [2002; 
IGronau and Pirioll . l2002h . The if 1 (1400) resonance de- 
cays predominantly to K*ir. The relevant parameters in 
i?i are then fixed by isospin, leading to a precise deter- 
mination Ri — 0.22 ± 0.03. Thus, measurements of the 
angular distribution Eq. (jBTj) restricted to the ifi(1400) 
mass range can be used to extract the photon polar- 
ization parameter P 7 . So far only an upp er bound on 
B(B -> (1400)7) < 1-5 x 10~ 5 exists (jYang et all 
2005). The use of the narrow resonance ifi(1270), with 
a larger br anching ratio B(B -> K 1 (1270b) = (4.3 ± 
1.2) x 10~ 5 (jAubert et aLl . l2007hl : lYang et aLl . l2005l) . may 
be more advantageous experimentally. A drawback is 
the estimate of R\ in which a strong phase between 
ifi(1270) -> K*tt and ifi(1270) -> Kp decay amplitudes 
needs to be obtained from an independent measurement. 



3G 



The method outlined above works only for certain 
charge states, for which two K*ir channels interfere to 
produce the up-down asymmetry in cos 9. These channels 
are K°tt + tt°, where the interfering channels are K* + tt° 
and K*°tt + , and K + ir~~ir°, where the interfering channels 
are K*+tt- and K*°tt . 



B. B -> X. 



and B — » X s / d vv decays 



The rare B — ► X s £ + £~ decays form another class of 
FCNC processes, which proceed in the SM only through 
loop effects. The richer structure of the final state allows 
tests complementary to those performed in weak radia- 
tive B — > X s 7 decays. In addition to the total branching 
fraction, one can study also the dilepton invariant mass, 
the forward-backward asymmetry, and various polariza- 
tion observables. We discuss these predictions, consider- 
ing in turn the exclusive and inclusive channels. 



1. Inclusive B — > X s l + l decays 

In inclusive B — > X s / d £ + £~ decays there are three dis- 
tinct regions of dilepton invariant mass q 2 = (p e + +Pi- ) 2 : 
(i) the low q 2 region, q 2 < 6 GeV 2 , (ii) the high q 2 re- 
gion q 2 > 12 GeV 2 , and (hi) the charm resonance region 
q 2 ~ (6 — 12) GeV 2 . In the intermediate region (iii) cc 
resonances couple to the dilepton pair through a virtual 
photon, leading to nonperturbative strong interaction ef- 
fects which are difficult to compute in a model indepen- 
dent way. 

In the low— q 2 and high— q 2 regions, a model indepen- 
dent computation of the decay rate is possible using an 
OPE and heavy quark expansion, similar to that used for 
the rare radiative decays discussed in Section IVIII.A.ll 
QCD corrections have been evaluated at NNLO in- 
cluding the complete three-loop mixing of the four 
quark operators Oi,2 into Og necessary for a complete 
solut io n of the RGE t o NNL L order (|Asatrian eFi 



20021: lAsatrvan et all 120021; iBobeth et all 



2004; 



Gambino et all 120031 : IGhinculov et all 120031 . 12004 : 
Huber et all 2007 ). This calculation has been further 
improved by including electromagnetic log enhanced 
contributions 0(a c . m . log(m 2 v /m 2 )) that appear only 
if the integration over dilepton mass is restricted to 
a range but vanish for the full rate ( Bobeth et all 
\2004 iHuber" et at. 1. 120071 l200d) . Nonperturbative power - 
supp r essed effect s have been considered in ( Ali et all , 
Il997t iFalk et all Il994h . Effects of the cc interme- 
diate states in the resonance region can be modeled 
assumin g factorization of the four-quark operator 
(sc)(cb) (fKruger and Sehgal 1 19961) . 

Integrating over the low dilepton invariant mass range 
q 2 = (1,6) GeV 2 , the partial branc hing fractions corr e- 
sponding to the low— q region are (|Huber et all l2006h 



B(B- 
B(B 



X s (j, + fi 
» X s e+e 



= (1.59 ±0.11) x 10" 6 , 
= (1.64 ±0.11) x 10~ 6 (89) 



where the dominant theoretical uncertainty (±0.08) 
arises from scale dependence, along with smaller un- 
certainties from the quark masses, CKM matrix ele- 
ments, and nonperturbative C(l/m 2 , a s AQCD/"if)) cor- 
rections. The predictions agree well with the present av- 
erage of the BAB AR and Belle experimental measurements 
of this quantity (lAubert et all l2004bt IHuber et all 120061: 
llwasaki et a/ll2005f ) B(B -> XJ+£~) = (1.60 ±0.51) x 
10~ 6 . The present (SM) theory error for the branching 
fraction is below the total experimental uncertainty. At 
a SFF the situation would be reversed. 

Additional uncertainty in these predictions is intro- 
duced if a cut on the hadronic mass Mx s < Mo is 
imposed to eliminate charm backgrounds. This intro- 
duces sensitivity to the shape function, whic h however 
can be eliminated using B — ^ X s j data ( Lee et all . 



120061) . In the high q 2 region, an improvement in the- 
ory is possible, if the integrated decay rate is normalized 
to the semileptonic b — » ulv rate with the same q 2 cut 



( Ligeti and Tackman n. 2007). This drastically reduces 



the size of 1/m 2 and 1/m^ power corrections. 

Besides the dilepton invariant mass spectrum the ob- 
servable most often discussed is the forward-b ackward 
asymmetry. However, recently [Lee et al] ( 20071 ) pointed 
out that a third constraint can be obtained from B — > 
X 8 £ + £~ double differential decay width 



— = -Ki 

dq 2 dz 8 LV 



z 2 )H T {q 2 ) + 2zH A {q 2 ) 
+ 2(1 -z 2 )H L (q 2 )}, 



(90) 



where z = cos 6, with 9 the angle between £ + and the 
B meson three-momentum in the £ + £~ center-of-mass 
frame. The functions Hi do not depend on z. The 
sum Hxiq 2 ) + H^q 2 ) gives the dilepton invariant mass 
spectrum dT/dq 2 , while the forward-backward asymme- 
try (FBA) is conventionaly defined as dApB(q 2 )/dq 2 = 
3HA(q 2 )/4:. The importance of the Hi functions is that 
they are calculable in the low— q 2 and high— q 2 regions, 
and also depend differently on the Wilson coefficients of 
the effective weak Hamiltonian of Eq. ©. This suffices 
to determine the sizes and signs of all the relevant coef- 
ficients, probing in this way N P effects. At lead ing order 
they have a general structure ( Lee et aZl . l2007l ) 



H T (q 2 ) oc 2(1 - s) 2 s (C 9 ±-C 77 ) +C 
H A (q 2 ) oc -4(1 - s) 2 sC 10 (c 9 + -C 7l 
H L (q 2 )^(l-s) 2 [(c 9 + 2C 7j y +C 



(91) 



where s = q 2 /m 2 . The modified Wilson coefficients 
£7-7,9,10 are A* independent linear combinations of the Wil- 
son coefficients C7 7 ,9,io and Ci,...,6,8g m weak Hamilto- 
nian of Eq. © . They are related to the N NLO "effective" 
Wilson coefficients C?^ calculated in (lAsatrvan et al] , 
120021: iBeneke" et al. 1. 120011: IGhinculov et aLl . l2004D . 
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FIG. 16 Left: the full NNLO prediction for B -> X s £ + T 
forward-backward asymmetry normalized to the dilepton 
mass distribution (dashed line) and the total - p arametric and 
pertu rbative - error band (shaded area) [from (jHuber et all 
I2007D ]. Right: dA FB /dq 2 in SM (solid line), with sign of C w 
opposite to SM (line 1), with reversed CV-y sign (line 2), bo th 
C77 and do signs reversed (line 3) [from (|Ali et all [200$] ]. 



Note that in Ht and Ha the coefficient C7 is enhanced 
by a 1/s pole so that measuring the dilepton mass de- 
pendence gives further information. Also, HA(q 2 ) has 
a zero at q 2 . The existence of a zero of the FBA and 
the relative insensitivity to hadronic p hysics effects wa s 
first pointed out for exclusive channels ( Burdmanl . ll998t ). 
and subse quentl y extended also to the inclusive channels 
(lAli et all 120021 : iGhinculov et al. . 2003). In the SM the 



zero appears in the low q region, sufficiently away from 
the charm resonance region to allow a precise computa- 
tion of its position in perturbation theory. The value of 
the zero of the FBA is one of the most precisely calculated 
observables in flavor physics with a theoretical error at 
the order of 5%. For B — > X s /i + fj,~ , for instance, the im- 
proved NNLO pred iction is (qfi)^ = (3.50 ±0.12) GeV 2 
( Huber et all [2007). where the largest uncertainty is due 
to the remaining scale dependence (0.10). The position 
of the zero is directly related to the relative size and 
sign of the Wilson coefficients C7 and Cg. Thus it is 
very sensitive to new physics effects in these parameters. 
This quantity has not yet been measured, but estimates 
show t hat a precision of about 5% could be obtain ed at 
a SFF (jBona et all l2007d; lHashimoto et all\2004 ). 



2. Exclusive B — > X s ( + l and B — > X s vu decays 

The channels B — >■ M£ + £~ are experimentally cleaner 
than inclusive decays, but more complicated theoreti- 
cally. The B — ► M transition amplitude depends on 
hadronic physics through form factors. The theoretical 
formalism described in Sec. IVIII.A.2l for exclusive radia- 
tive decays can be applied to this case as well. 

The simplest are the decays with one pseudoscalar 
meson, such as B — > K£ + £~ or B — > ir£ + £~. Unlike 
B — > Kj-K^f decays that are not possible due to angular 
momentum conservation, the dilepton decays are allowed 
since the dilepton can carry zero helicity. Especially in- 
teresting for NP searches is the angular dependence on 
6+, the angle between the t~ (£ + ) and the B{B) momenta 
in the dilepton rest frame. In the SM the dependence 
is simply dT ~ sin 2 8 + . Allowing for scalar and pseu- 




FIG. 17 Parameterization of the final state in the rare decay 
B -> K*(-> Kty)£+£-. 



doscalar couplings to the leptons, which are possible in 
ex tensions of th e SM, the general angular distribution 
is (|Bobeth et all l200ll) 



1 dT 3 /i n n • 2 
= - 1-Fo sir 

rdcos6»+ 4 V b> 



--F S + A FB cos 0+. (92) 



The coefficient F$ receives contributions from the scalar 
and pseudoscalar couplings to the leptons, while A^b de- 
pends on the interference between the vector and scalar 
couplings. As these terms vanish in the SM, their mea- 
surement is a null test sensitive to new physics from 
scala r and pseudoscalar penguins - see ( Bobeth et all 
I2007D for a detailed study. The first measurement of 
these parameters h as been carried out in B + — > K + £ + £~ 
decays by BaBAR ()Aubert et all l2006el) . The results 
are compatible with zero: Afb = 0.15^Q 23 ± 0.08 and 
F s = 0.81 ± 0.46, where the first error is statistical 
and the second systematic. These measurements could 
become an order of magnitude more precise, and mea- 
sure or set tight bounds on coefficients of NP operators 
which can produce these asymmetries. 

We turn next to the decays with a vector meson in 
the final state, such as B -> K*£+£- and B -> p£+£r. 
Since vector mesons carry a polarization, the final state 
has a more complex structure. The K* decays to Ktt, 
and the final state is specified by three angles defined as 
in Fig. [T7] After integrating over (0, 8k* ) the rate is de- 
scribed by three functions of q 2 as in the inclusive case, 
Eq. (|91[) . with the difference that the Wilson coefficients 
C77.9,io are also multiplied by B — > K* form factors. As 
in inclusive case, the transverse helicity amplitudes are 
dominated by the photon pole in the low q 2 region. In 
the high q 2 region, the Cg^o terms dominate the ampli- 
tudes. Fig. [T8l shows results for the deca y rate and the 
FBA in the exclusive mode B — > K*£ + £r ( Beneke et all 
l200lf ). Due to form factor uncertainties the determina- 
tion of the Wilson coefficients CV 7 , Cg, C10 and the result- 
ing NP constraints have substantially larger theoretical 
errors than the ones following from the inclusive decays 
(compare for instance Fig. Ql)]with Fig. [T5)) . 

In the large recoil limit the B — > K*/p£ + £~~ ampli- 
tudes s atisfy factor i zation relations at leading order in 
A/rrih dBauer et all 120031: iBeneke and Feldmannl . |2004 
iBeneke et all l200lt Iffill et all 12004) . Theselactoriza- 
tion relations reduce the number of unknowns by express- 
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FIG. 18 Differential decay rate dB{B~ -> K*~ t + £~)/dq 2 
and the forward-back ward asymmetry Afb(B~ — > K*~ £ + £~) 
(jBeneke et aZ.l [2001V The solid center line shows the next- 
to-leading order result, and the dashed line shows the leading 
order result. The band reflects all theoretical uncertainties 
from parameters and scale dependence combined, with most 
of the uncertainty due to the form factors. 



ing the amplitudes as combinations of soft overlap fac- 
tors C± V >Cf V an d factorizable contributions, multiplied 
with hard coefficients. The factorization relations pre- 
dict that in the SM the right (left)-handed helicity ampli- 
tudes for B(B) — > K*£ + £~ are power suppressed. Any 
non-standard chirality structure could change this. A 
second prediction in the large recoil limit is that the left- 
handed helicity amplitude H^ V \q 2 ) has a zero at dilep- 
ton invariant mass q 2 . In th e SM this is predicted to 
be ( Beneke et 



qi[K*»] = (4.36±££) GeY 2 , 
ql[K*+] = (4.15 ±0.27) GeV 2 



(93) 



This result was improved recently by includi ng the re- 
summ ation of the Sudakov logs in SCET ( Ali et all , 
2006), reducing the scale dependence uncertainty. The 
measurement of q 2 can be translated into a measure- 
ment of Re(C7/Cg), up to a correction depending on 
the ratio of two form factors V(q 2 ) /Ti(q 2 ), wh ic h has 
been computed i n fac torization (jBeneke et all l200ll: 
iBeneke and Yand . |2006h . Whether the soft overlap and 
the factorizable contributions in these form factors are 
comparable or not is still a subject of discussion, and 
may lea d to larger error s than usually quoted in the lit- 
erature ( Lee et a/ll2007l ). Additional uncertainty can be 
introduced by the A/rab power corrections. 

Various other observables are accessible in 
b — > s£ + £~ de ca ys, i ncluding time-dependent 
()Kim and Yoshikawal . 12007) and transver se po- 
larization asymmetries ( Kruger an d Matiasl . 120051 : 



iLunghi and Matiasl 120071 ). These provide additional 
possibilities to probe the suppression of right-handed 
amplitudes and to search for NP operators with non- 
standard chirality at a SFF. We note the presence of 
possible SM contamination to these observables due to 
0(1) contributions to the right-handed amplitude in 



the mu ltibody channel B — > Kir£ + £ in the soft pion 
region (|Grinstein and Piriol l2006bl) 5 . This is similar 
to the effect discussed above for B — ► Kitj, and could 
be reduced by applying phase space cuts on the pion 
energy. 

Further observables are accessible in the case with mas- 
sive leptons, b — > st + t~ . The t polarization asymmetry 



PAq 2 



dB x =-i + dB. 



A=+l 



(94) 



integrated over the region q 2 /m 2 > 0.6, is about —48% 
in t he SM, but NP effects can c hange this predic- 
tion (jDai et all Il997t iHewettl . Il996l ). No experimental 
studies of b — > st + t~ decays exist, making predictions 
of the SFF sensitivity unreliable. However, it appears 
that exclusive modes could be measured. 

Another related mode is fo — >■ svv, mediated in 
the SM through the box and Z penguin diagrams, 
which are matched onto the operator 0\\ v . In exten- 
sions of the SM, additional diagrams can contribute, 
such as Higgs-mediated penguins in models with an ex- 
tended ffiggj3j3ector L _an^ bsZ cou- 
plings iBhieLaD, HoqI [GrossmaneraEIlHHi). The SM 
expectation for the branching fr actions of these mode s 
is B(B -> X s vv) - 4 x 10~ 5 dBuchalla et all Il996h . 
and B(B -> X d vv) ~ 2 x 10" 6 . The dominant ex- 
clusive modes are vv, which are expected to 
occur with branching fractions of about 10~ 6 . Present 
data give only an upp er bound for B(B + — > K + vv) at 
the lev el of 40 x 10" 6 (|Aubert et all l2005dl : IChen et all 
l2007b[ ). which is one order of magnitude above the SM 
prediction. These modes are very challenging experimen- 
tally because of the presence of two undetected neutri- 
nos. Nonetheless, the expected precision of the measure- 
ment of B{B + ->■ K + vv) at a SFF is 20%, while the 



B+ 



n + vv mode should be at the limit of observabil- 



ity (jBona et all l2007c|) . 



C. Constraints on CKM parameters 

The radiative b — > s(d)j are sensitive to the CKM ele- 
ments involving the third generation quarks. In the fol- 
lowing we briefly review the methods proposed for preci- 
sion determination of the CKM parameters, and indicate 
the types of constraints which can be obtained. 

• | V^b j/| Vf&V^* | from inclusive b — > and b — > u£v: 
The inclusive radiative decays B — > X s j were discussed 
in Section rVlII. A. 1 1 and the inclusive semileptonic decays 
B — > X u £~ vz in Section [V] For both types of the decays 
only part of the phase space is accessible experimentally. 
In semileptonic decays a cut on lcpton energy or hadronic 



These contributions also introduce a shift in the position of the 
FBA zero in B — » K* (— * Ktt)£ + 1~ , as the K* is always observed 
through the Kn final state. 
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invariant mass needs to be made to avoid charm back- 
ground, while in B — > X 8 ^ the photon needs to be en- 
ergetic enough to reduce background. Experimentally 
accessible is the so called shape function region of the 
phase space, where the inclusive state forms an energetic 
jet with mass M\ ~ AqcdQ- Restricted to this region 
the OPE breaks down, while instead SCET is applicable. 
The decay widths factorize in a form shown in Eq. (|70|) 
for B — > X s j. Both radiative and semileptonic decays 
depend, at LO in 1/mt,, on the the same shape function 
S(k + ) describing the nonperturbative dynamics of the B 
meson. The dependence on the shape function can be 
eliminated by combining the radiative and semileptonic 
rates. This then determines |K,b|/| V t bV t * s |, with different 
methods of implementing the basi c idea disc ussed in de- 
tail in Sec.lVUse e als o a rev iew bvlPa3 ()2006D and recent 
developments in [Lei (120081) ). 

• \ V t d/V ts \ from B -> (p/K*)-y : The radiative B —> fry 
and B — > K*j amplitudes are dominated by electro- 
magnetic penguin contributions proportional to V t * d Vtb 
and V t * s Vtb CKM elements respectively. The ratio of the 
charge-averaged rates is then 

B(B q ^ pry) 



B(B q 



V td 



2 



V u 



SU(3) 



3/2 



(95) 



(l + rwA), 



where B q = (B ,B d ), p q = (p ,p°) and n q = (1, 1/V2) 
for q = (u, d) spectator quark flavors. The coefficient hva 
denotes the WA contribution in B — > pry, while it is negli- 
gible for B — > K*ry. The coefficient i?su(3) parameterizes 
the SU(3) breaking in the ratio of tensor form factors. 
The theory error in the determination of | Vtd/Vts| is thus 
due to these two coefficients. The coefficient r-wA can be 
calculated using factorization. Writing 



rwA 



21le(da)cosa\\i d) /\ < i d) \ + 0(5a 2 



(96) 



0.0021°;^ for 



iBosch and Buchallal (|2005l ) find TZe(Sa) 
B° -> p°7, and TZe(5a) = - 0.4 ±0.4 for B+ - » p+j. (For 
an alternative treatment, see iBall et all (|2007lU TheWA 
amplitude is larger for charged B decays, where it is color 
allowed, in contrast to neutral B decays, where it is color 
suppressed. Along with |A« /Aj | ~ 0.5 the above values 
of 8a show that the uncertainty introduced by the WA 
contribution is minimal in neutral B radiative decays. 

The second source of theoretical uncertainty is given 
by SU(3) breaking. The parameter i?su(3) was esti- 
mated using QCD su m rules with the most re cent result 
R su{3) = 1.17±0.09 (jBall and Zwickvll2006rJ) . It seems 



rather difficult to improve on this calculation in a model 
independent way. 

This method for determining |VWVt s | has been used 



to 



obtain \V td /V u \ = 0-199 -0.025 -oioi s (Abe et all 
20063) and \V td /V ts \ = 0.200±g;g|J ±0.015 (|Aubert et all . 
2007c), where the first errors are experimental and the 




FIG. 1 9 Typical constraint from B° — > p°7 in the (p, if) 
plane (Bos ch a nd Buchalla|, l2005f ). The constraint assumes 
B(B° -> p°7) = (0.30 ± 0.12) x 10" 6 . The dark band 
corresponds to varying the SU(3) breaking ratio R~} K * = 
1.31±0.13 at fixed Rq. The allowed region from the standard 
CKM fit (grey area) and the constraint from sin 2/3 (angular 
area) are also shown. 



the B — > (p/tu)"/ channels is used. A dramatic improve- 
ment in experimental error can be expected at a SFF, 
and while the theoretical error can be reduced by using 
only the cleaner B° — > p°j, the precision is likely to be 
limited at about 4% due to the SU(3) breaking correction 
discussed above. This could possibly be improved using 
data collected at the T(55), as discussed in Section ITX. CI 

• \V u b/V t d\ from B p^ and B — > ptvf. The ratio 
of CKM matrix elements |I4&/Vt<i| can be constrained 
by combining the semileptoni c mode B — > p£9 with 
the radiative decay B — > pry (jBeneke and Yan j . 120061 : 
IBosch and Buchallal [20051 ). In the large recoil limit the 
relevant form factors satisfy factorization relations. 

The doubly differential semileptonic rate expressed in 
terms of the helicity amplitudes is 



d 2 T{B^p£D) G 2 F \V ub \ 2 



dq 2 dcost 



! H 2 



F \'ub\ 2 1 -»l f ft 1 

96^^ |9| ( (1 + CC 
+ (1 - cos 6) 2 {H 2 + + 2H 2 )), 



(97) 



where 9 is the angle between the v and the B meson 
momentum in the Iv center of mass frame. At 8 = 
only the left-handed helicity amplitude iT_ contributes. 
The q 2 — > limit of the ratio of the B — * p^v partial 
rate to the B — > pry rate depends only on 



VtAM) — 2(m fl +m v ) 



r x (o) 



(98) 



second theoretical, and in both cases the average over 



where Ti(q 2 ) is a tensor current form factor Eq. (|80|). 
while 7?.2(0) is calculable in a perturbative expansion in 
Q ; s(TOb) and cts(\/ Aqcd«i;>)- This r atio has been com - 
putedto be 1/K% = 0.82±0.12 (jBeneke and Yangl . l2006t ). 
allowing for a 60% uncertainty in the spectator-scattering 
contribution. This amounts to a 10% uncertainty on this 
determination of |Kib/^td|) which however does not in- 
clude uncertainties from power suppressed contributions. 

• \V u b\ 2 /\VtbV t * s \ 2 from B -> K*£ + i~ and B -► plvt- 
In the low recoil region q 2 ~ {Mb — Mk*) 2 , the B — > 
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FIG. 20 Isospin asymmetry A(p7) as a function of the CKM 
angle a. The band displays the total theoretical uncertainty 
which is mainly due to weak annihilation. The vertical dashed 
lines limit the range of a obtained from the CKM unitarity 
triangle fit. 



K*£ + £ amplitude can be computed in an expan sion 
in A/nib, Am^/Q 2 , a s (Q) (jGrinstein and Pirioil . l2004f) . re- 
lating it to the semileptonic decay B — > piv, up to SU(3) 
breaking correction in the form factors. These can be 
eliminated using semilepton ic D decay rates by fo rming 
the Grinstein double ratio ( Ligeti and Wisd .fl996) 



dT(B p£v) /dq 2 dT(D -► K*lv) /dq 2 



dT{B -> K*£+£-)/dq 2 dT(D -> p£v)/dq 2 



(99) 



which is proportional to | V^b | 2 /| V*6 Vj* | 2 . The theory er- 
ror on \V u b\ of this method is about 5%, but measure- 
ments of the required branching fractions in the region 
q 2 = (15, 19) GeV 2 require SFF statistics. 

• Constraints from the isospin asymmetry in B — > 
pj: Assuming dominance by the penguin amplitude in 
B — *■ pj, isospin symmetry relates the charged and 
neutral modes to be r(S ± -> p ± y) = 2T{B° -> 
p 7). The present experimental data point to a pos- 
sible isospin asymmetry . The most recent w o rld av- 
erages give (lAbe et all l2006at lAubert et all . l2007d; 
iBarberio et all 120071 ) fusing CP-conjugate modes) 



A(p7) 



T(B+ 



■ P + l) 



2T{B° -> p 7 ) 

(0 fiS+0-28 



(100) 



-0.26) 



x 10" 



2 x (0.93 



f0.19\ 
-0.18; 



io- f 



-0.53 



+0.18 
-0.17 ' 



Several mechanisms can introduce a nonzero isospin 
asymmetry: i) the m u — ma quark mass difference lead- 
ing to isospin asymmetry in the tensor form factor T\ ; ii) 
contributions from operators other than where the 
photon attaches to the spectator quark in the B meson; 
iii) spectator diagrams such as those in Fig. [14] which de- 
pend on the spectator quark q through its electric charge, 
and the hard scattering amplitude. 

The dominant contribution to the isospin asymmetry 
in the SM is given by the last mechanism (iii), medi- 
ated by the four-quark operators Oi_6- The matrix ele- 
ments of these operators can be comput ed using factor- 
ization and the heavy quark expansion ( Ali and Braunl . 



19951: lAli and Parkhomenkol 120021; iBeneke et all 1 2001 



Bosch and Buchallai 120021 : iGrinstein and Pirioll . I200C : 
Khodjamirian et all . ll995h . Since the four-quark opera- 
tors contribute with a different weak phase to the penguin 
amplitude, the result is sensitive to CKM parameters, in 
particular to the weak phase a. Using as inputs the pa- 
rameters from the CKM fit, an isospin asymmetry of a 
few percent is possibl e, with significant unc ertainty from 
hadronic parameters ( Beneke et aLl . [2005d) 



A(p 7 ) = (-4.6^i| CKM ^| had )%. 



(101) 



This prediction can be turned around to obtain con- 
straints on the CKM parameter s (p,fj), using the py 



asymmetries. As discussed in (|Beneke et al. , l2005ch , 
measurements of the direct CP asymmetry and of the 
isospin asymmetry in B — > pry give complementary con- 
straints, which in principle allow a complete determina- 
tion of the CKM parameters. However, the precision of 
such a determination is ultimately going to be limited by 
hadronic uncertainties and power corrections. 



IX. B s PHYSICS AT T(5S) 



The T(5S) resonance is heavy enough that it decays 
both to B u j and B s mesons. So far, several e + e~ ma- 
chines have operated at the T(5S) resonance resulting 
in 0. 42 fb -1 of data col l ected by the CLEO collabora- 
tion (Be sson et al 1 119851 : lLovelock et aZ.Lll985h . followed 
by 1.86 fb _1 of data collected by Belle collaborat ion dur- 
ing an T(5S) engineering run (jDrutskovl . 120061 ) and a 
sample of about 21 fb _1 collect ed by Belle during a one 
month long run in June 2006. iBaracchini et aZ.I (j2007h 
performed a comprehensive analysis of the physics op- 
portunities that would be offered by much larger data 
samples of 1 ab" 1 (30 ab _1 ) from a short (long) run of a 
SFF at the T(5S), where the data sample is recorded in 
special purpose runs. Collecting 1 ab _1 should require 
less than one month at a peak luminosity of 10 36 cm _2 s _1 . 
As a result, a SFF can give information on the B s sys- 
tem that is complementary to that from hadronic experi- 
ments. In Table HXl we give the expected precision from a 
SFF and LHCb for a sample of observables, clearly show- 
ing complementarity. In particular, the SFF can measure 
inclusive decays and modes with neutrals, which are in- 
herently difficult in hadronic environment while LHCb 
provides superior time-dependent measurements of all- 
charged final states. 

Physical processes involving B s mesons add to the 
wealth of information already available from the Bd, u 
systems because the initial light quark is an s— quark. 
As a result, B s decays are sensitive to a different set of 
NP operators transforming between 3 rd and 2 nd genera- 
tions than are b — ► s decays of Bd, u - The prime examples 
are B s — > py p~ where semileptonic b — ► s operators are 
probed and B s -B s mixing where AB — 2 NP operators 
are probed. In addition, B s can improve knowledge of 
hadronic processes since B s and Bd are related by U-spin. 
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TABLE IX Expected precision on a subset of important 
observables that can be measured at SFF running at the 
T(5S) and/or LHCb. The first two columns give ex- 
pecte d errors after sho r t (les s than a mo n th) an d long SFF 
runs dBaracchini et all 120071 ; iBona et all l2007d ). while the 
third lists expected statistica l errors after 1 year of LHCb 
running at design luminosity (B uchalla et qZ.L [2008) . 

Observable SFF (lab' 1 ) SFF (SOab' 1 ) LHCb (2fb~ 1 ) 

AF S /T S 0.11 0.02 0.0092 

Ps (J/#</>) 20° 8° 1.3° 

(3 S (B s -> A' ^ ) 24° 11° 

A S SL 0.006 0.004 0.002 

B{B S -> At + M _ ) - < 8 ■ 10~ 9 3cr evidence 

\V td /Vts\ from R s 0.08 0.017 

B(B S -> 77) 38% 7% 



In the application of flavor SU(3) to hadronic matrix el- 
ements then the commonly used dynamical assumption 
of small annihilation-like amplitudes may no longer be 
needed. 



A. B B —B S mixing parameters 

B s -B s mixing is described by the mass difference Am s 
of the two eigenstates, the average of two decay widths 
F s and their difference Ar s , by \q/p\ and by the weak 
mixing phase S = — 1/2 arg(g/p), which is very small 
in the SM, 0„ = a,rs (-V f . h V*/V nh V*) = (-1.05 ± 0.05)° 
([Charles et aLl . l2005f) . see also Eq. ([31]). All these param- 
eters can be modified by NP contributions and are, for 
instance, very sensitive to the large tan regime of the 
MSSM as discussed in Section 1X114141 

The oscillation frequency A m s has been measured re- 
cently ( Abulencia et aZ.I . l2006t) . and is found to be consis- 
tent with SM predictions, within somewhat large theory 
errors. These oscillations are too fast to be resolved at a 
SFF, which thus cannot measure Am s . However, mea- 
surements of the other parameters, T s , Ar s and S are 
possible through time dependent untagged decay rates. 
Explicitly, for a B S ,B S pair produced from B t , B* at the 
T(5S) this is given by (jDunietz et all l200ll ) 



and to constrain lifetime difference AT. through time in 



r(B.(t)->/) + r(B,(t)-/) = 

AT s t\ . . (AT s t 
Hf smh I 



cosh 



V 2 



(102) 



where / is a CP-eigenstate and Hf is given in Eq. 
The normalization factor is given by J\f = (^p-^) 2 ), 
neglecting possible effects due to CP violation in mixing. 

At the T(5S), CP-tagged initial states can also 
be use d to extract the untarity angle 7 rathe r 
cleanly (|Atwood and Sonil . 12002; Fal k and Petrovll2000l) . 



igh time 1: 
vl 120051) . 



dependent measurements (jAtwood and Petro 

The most promising channel for measuring B s -B s mix- 
ing parameters at a hadronic machine is B s — > J/tp<f>, 
where angular analysis is needed to separate CP-even 
and CP-odd components. Recent measurements at DO 
and CDF f avor large \0 S \ making further studies highl y 
interesting (|Aaltonen et all l2007at lAbazov et 
As shown in Table ITXl a SFF cannot compete with LHCb 
in this analysis, either for S or for Ar s /r s measure- 
ments, assuming systematic errors at LHCb are negligi- 
ble. However, LHCb and a SFF can study complemen- 
tary channels. For example, B s — > J/'iprf 1 ' or S from 
the AS — 1 penguin dominated B s — > K°K°, are dif- 
ficult measurements at hadronic machines as shown in 
Table IIXI The latter mode would be complementary to 
B s — > (j)(f>, where a precision of 0.11 is expected after 
2 ftT 1 of data at LHCb (1 year of nominal luminosity 
running). Other interesting modes that can be stud- 
ied at a SFF include B, -► D { * )+ D { * } ~, B 



D^d) , B K -> J/tfiKs, B s (fnf and B s -» K s n° 



dPKs, 



(|Bona et all l2007cl) . 

Another important observable is the semileptonic 
asymmetry A S SL , which is a measure of CP violation in 
mixing 



B(B.->DP t+vi)-B{B s 



A s - 



B(B S -» 

1 - k/p| 4 

1 + \q/p\ 4 



B(B S 



D 



(*)+ 



l-vi) 



(103) 



The error on A S SL will become systematic dominated rel- 
atively soon. Taking as a guide the systematic error 
fsyst. (Ag L ) = 0.004 from current measurements at the 
T(4S), this will happen at an integrated luminosity of 
about 3 ab _1 at the T(5S). Thus systematics will sat- 
urate the error quoted in Table IIXI for 30 ab - 1 (wher e 
the statistical error is only 0.001) ([Bona et al .], l2007d) . 
Note that the LHCb estimate in Table IIXI gives only the 
statistical error on A S SL , while systematic errors could be 
substantial due to the hadronic environment. 



B. Rare decays 



One of the most important B s decays for NP searches 
is B s — » In the SM this decay is chirally and 

loop suppressed with a branc hing fraction of B( B S — > 
H+nr) = (3.35 ±0.32) x 10" 9 (|Blanke et all 120061) . Ex- 
changes of new scalar particles can lift this suppression, 
significantly enhancing the rate. For instance, in the 
MSSM it is tan/3 6 enhanced in the large tan/? regime 
(cf . Section IIII.LD.4p . After one year of nominal LHCb 
data taking 3<r evidence at the SM rate will be possible, 
while the SFF sensitivity to this channel is not competi- 
tive as indicated in Table ITXl 
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A SFF can make a significant impact in radiative B s 
decays and decay modes with neutrals. One example is 
B s — > 77. He re the SM expecta tion is B(B S — > 77) ~ 
(2 - 8) • 10~ 7 dReina et aLl . ll997l ). while NP effects can 
significantly enhance the rate; for instance, the rate is 
enhanced by a n order of magnitude in the R parity vio- 
lating MSSM (|Gemintern et aH . \2004) . The Belle T(5S) 
sample of 23.6 fb~ 1 has already been used to demonstrate 
the potential of the SFF approach; the first observation 
of the penguin decay mode B s — > (fry has recently been 
reported, along with a statistics limited u pper limit on 
B s — > 77 a factor of ten above the SM level ( Wicht et all 
I2Q07D . 



C. Improved determinations of Vtd/Vts and of V u t 



As described in Section fVIILCi exclusive radiative de- 
cays mediated by b — > d and b — > s penguins can be 
used to obtain constraints on the CKM ratio Vtd/Vts- 
An analogous treatment to that for B° — > p°(K°*)j can 
be applied to B s — > K°*((/))j, where the theoretical er- 
ror is expected to be reduced. This is due to the simple 
observation that the final states K°* and <fi are close in 
mass and are related by U-spin, which should help studies 
on the lattice. Moreover, a comparison of B s — * K *^ 
to B° — > if°*7 offers a determination of Vtd/Vt s that 
is fre e from SU(3) breaking corrections in the form fac- 
tors (Baracc hini et all 12007 ; lBona et al. l. l2007cTl . An im- 
proved determination of Vtd/Vts from AB = 1 radiative 
decays will be very helpful to compare to that from B 
mixing, and with the SM p — 77 fit. 

Study of the inclusive B s — > X us lv and exclusive 
B s — > K(*'lv charmless semileptonic decays can play a 
very important role in an improved V u b determination. 
For the lattice calculation of B s — > K, K* form factors 
a smaller extrapolation in valence light quark masses is 
needed than for B — > n, p form factors, reducing the er- 
rors. Since B s — > K^*Hv modes have significant branch- 
ing ratios of 0(1O~ 4 ), this can be an important early 
application of B s studies. 



X. CHARM PHYSICS 

There are many reasons for vigorously pursuing charm 
physics at a SFF. Perhaps most important is the intimate 
relation of charm to the top quark. Because of its large 
mass top quark is sensitive to NP effects in many models. 
New interactions involving the top quark quite naturally 
also imply modified interactions of the charm quark. For 
example, models of warped extra-dimensions, discussed 
in Section IIII.E1 inevitably lea d to flavor-changing i n- 
teractions for the charm quark (jAgashe et all l2005allbl ; 
iFitzpatrick et all 120071 ). The same is true of two Higgs 
doub let models, in which the top quark ha s a special 
role dDas and KaoL Il996t IWu and SonAl200Ch . 

Charm also provides a unique handle on mixing effects 



in the up-type (charge +|) sector. The top quark does 
not form bound states, which makes D — D the only 
system where this study is possible. Importance of these 
studies is nicely illustrated by the constraint that they 
provi de on the MSSM squark spectrum and mixing (|Nirl . 
l2007h . The squark-quark-gluino flavor violating coupling 
that mixes the first two generations is given by g s sin 9 q 
with q = u(d) for up (down) squarks. The difference of 
the two mixing angles needs to reproduce the Cabibbo 
angle 



s'm9 u — s'm9d = s'mOc — 0.23. 



(104) 



Small enough sin 8d can sufficiently suppresses SUSY cor- 
rections to K — K mixing even for nondegenerate squarks 
with TeV masses. This is possible in the absence of in- 
formation on D — D mixing. The smallness of D — D 
mixing, however, requires that also sm8 u is small, which 
violates the relation to the Cabibbo angle in Eq. (|104|) . 
The squarks with masses light enou gh to be o bservable 
at LHC thus need to be degenerate (jNirl . 120071 ). 

We next summarize the salient aspe cts of charm 
physics - detailed r e views can be found in ( Artuso et~al\ , 
l2008t iBianco et all 120031 : iBurdman and Shipsevl . 120031 ). 
Within the SM, some aspects of the charm system are 
under excellent theoretical control. In particular, one 
expects negligible CP asymmetry in charm decays since 
the weak phase comes in CKM suppressed. The strong 
phases on the other hand are expected to be large in the 
charm region as it is rich with resonances. This means 
that a NP weak phase is likely to lead to observable CP 
violation. Moreover, although the absolute size of D mix- 
ing cannot be reliably calculated in the SM because of 
long distance contamination, the rate of mixing can be 
use d to put bounds on N P parameters in many scenar- 
ios (|Golowich et aLl . l2007h . Furthermore, the indirect CP 
violation is negligibly small in the SM. It arises from a 
short distance contribution that is subleading in D-D 
mixing compared to the long distance piece and is fur- 
thermore CKM suppressed by V c bV* b /V c bV* s . It therefore 
provides a possibility for a very clear NP signal. 

The most promising modes to search for direct CP vi- 
olation in charm decays are singly Cabibbo suppressed 
channels, such as D+ -> K+K°, (j)n + , D s -> tt+K , 
K + tt°, which in the SM receive contributions from two 
weak amplitudes, tree and penguin ( Grossman et all , 
l2007al ). As already mentioned indirect CP violation is 
very small, while direct CP violation is both loop and 
CKM suppressed making it negligible as well. Super- 
symmetric squark-gluino loops on the other hand can 
saturate the pres e nt exp erimental sensitivity of 0(1O -2 ) 
( Grossman et all l2007a| ). Doubly Cabibbo suppressed 
modes may also be useful in the search for NP effects 
since the SM cannot give rise to any direct CP violation 
and thus the SM "background" contribution is small. 

The prospects for finding a BSM CP-odd phase via D° 
oscillations dramatically improved in 2007. Using time- 
dependent measurements from their large charm data 
samples, Belle and BABAR reported the first evidence for 
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D°-D° mixing (|Aubert et aUfcOOTdtlsTaric et aUl2QQ7l) . 
As discussed above the existence of mixing makes it pos- 
sible to search for new physics (CP-odd) phases in the 
charm sector via CP-violating asymmetries. 

The phase of D° mixing, (f>jj — 2m(q/p)£)0 is the ana- 
logue of the phases of mixing or B® mixing discussed 
in Section IIVI 6 While the phase of i?° mixing is large 
in the SM, the phases of D° mixing and B s mixing are 
small in the SM; both are examples of null tests, with the 
phase of D° mixing particularly clean since it is expected 
to be of order 10~ 3 in the SM. We emphasise that new 
physics that appears in the D sector (involving up-type 
quarks) may be completely different from that in the B 
sector. 

Currently, the best sensitivity on <f>jj, of 0(20°), is ob- 
tained fr om time-dependent D(t) — > Ks7r + Tr~ Dalitz plot 
analysis (|Abe et all l2007a| ). Assuming that there are no 
fundamental systematic limitations in the understanding 
of this Dalitz plot structure, the sensitivity to <$>d at a 
SFF will be about l°-2°. The use of other modes such as 
D° — > K~K + and D° — > K*°Tr a can improve the overall 
sensitivity and help to eliminate ambiguous solutions for 
the phase (jSinha et all\200l\ ). 

Searches for CP-violation via triple correlations are 
also very powerful. These searches require final states 
that contain several linearly independent 4-momcnta 
and/or spins. A crucial advantage is that this class of 
somewhat complicated final states does not require the 
presence of a CP-conserving (rescattering) phase; in Tn 
odd-observables the CP asymmetry is proportional to 
the re al part of the Feynman amplitude (jAtwood et all 
l2001af ). Many final states such as KKtttt, Kmrn, ttttII 
and KKll can be use d; initial studies o f some of these 
have been carried out ( Link et ~ai\, 120051) . Semi-leptonic 
rare decays are of special interest as their small branch- 
ing fractions can translate into large CP-asymmetries. 
In practice, the search for triple correlations requires the 
presence of a term in the angular distribution that is pro- 
portional to sin (f>, where <fi is the angle between the planes 
of the two pseudoscalars an d the two le ptons. It has re- 
cently been pointed out by iBigil ( 20071 ) that this asym- 
metry could be enhanced using data taken by a SFF in 
the charm energy region (i.e. at the ip(3770) resonance). 
In this scenario, one uses the process e + e~ — > 7* — > 
^short-Diong followed by tagging of the short-lived state 
via, e.g., -D s hort — * K + K~. This then allows analysis of 
the Aong -> K+K-£+£- decay. The operation of a SFF 
at the "0(3770) resonance would also provide important 
input to the determination of 7 from B — > DK decays , 



as discussed in Section HvTB] ( Atwood and Soni . 
iBondar and Poluektovl l200a 120081 : iGronau et al 



2003b; 



2001 



Here we assume that any large phase is due to new physics. 
In this case, the quantity that is measured is the phase of D° 
mixing via M12. In the SM, it is possible that M12 ~ Ti2 in 
which case the relation between the experimental phase and the 
phase of D° mixing is more complicated. 



ISofferLll998l) . 

CP violation in mixing can be probed using inclu- 
sive semileptoni c CP asymmetry of "wrong sign" lep- 
tons dUgi (IqozI) : 



as L (D°) 



T(D°(t) -> trX) - T(D°(t) -> t+X) 
T(D°(t) t~X) + T(D°(t) -* l+X) 

(105) 



\P\ 4 



A nonnegligible value requires a BSM CP violating phase 
in AC = 2 dynamics and depends on both sin^ and 
AT /AM. In the D° system, while Ar and AM are both 
small, the ratio AT / AM need not be. In fact the central 
values in the present data are consistent with unity or 
even a somewhat bigger value. The asymmetry asL{D°) 
is driven by this ratio or its inverse, whichever is smaller. 
Thus although the rate for "wrong sign" leptons is small, 
their CP asym metry migh t not be if there is a significant 
NP phase 4> D (|Bigil . l2007t) . Due to the smallness of the 
rate for "wrong sign" leptonic decays, NP constraints 
from this measurement would still be statistics limited 
at a SFF. 

Finally, although we have focused on CP violation 
phenomena in this section, there is also a number of 
rare decays that can be useful probes of new physics 
effects. For example, searches for lepton flavor violat- 
ing charm decays such as D° — > fie or Dr s -\ —> Mfj,e, 
where M is a light meson such as K or tt, can clearly 
help improve the bounds on exotica. In addition, studies 
of Df-, — > Iv decays provide complementary informa- 

tion to leptonic B + decays (discussed in Section HlI.C|i . 
and are useful to bo und charged Higgs contributions in 
the large tan/3 limit (I Akerovdl . 120041 lAkerovd and Cherl 
120071: iRosner and Stond . 120081) . 



XI. NP TESTS IN THE TAU LEPTON SECTOR 



A. Searches for Lepton Flavor Violation 

Th e discovery of neutrino oscillations 



2002 




2003 





Aliu et all 120051: iDayis et al 



ions ( 


Ahmad et al. 


1968; 


lEguchi et al. 



Fukuda et all 1998t iKaiital 120061) provides direct 



experimental evidence that the accidental lepton flavor 
symmetries of the renormalizable Standard Model are 
broken in nature. It is therefore compelling to search 
for lepton flavor violation (LFV) also in the decays of 
charged leptons. LFV decays of tau leptons can be 
searched for at a Super Flavor Factory. The list of 
interesting LFV modes includes r — > Z7, r — > hhh 
and r — > Ih, where U stands for /1 or e, while the 
hadronic final state h can be, for example, w°,T)^', K$, 
or a multihadronic state. These searches will comple- 
ment studies of LFV in the muon secto r. The decay 
M — » ej w ill be searched for at MEG (|Grassil . 120051: 
iRittL 120061) . while /i — » e conversion will be s e arche d 
for at PRISM/PRIME (|Kund . 120051: ISato et all l200fjj) . 
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TABLE X Current and expected future 90% CL upper limits 
on the branching fractions and conversion probabilities of sev- 
eral lepton flavor violating processes. The expectations given 
for fi~ — * e~7 and (i~Ti — > e~Ti conversion are single event 
sensitivities (SES). 



Mode 



Current UL 



Future UL/SES 



(i -v e 7 
fj,~ — » e~e + e~ 
/i-Ti -> e"Ti 
r~ -> /i _ 7 
t~ — > e~7 
t~ — > 



1.2 x 10 -11 (a) 

1.0 x 10~ 12 (c) 

6.1 x 10" 13 (d) 
5.0 x 10~ 8 (f) 
5.0 x 10" 8 (h) 
3.2 x 10~ 8 (i) 
6.5 x 10" 8 (j) 



(1 - 10) x 10 



-13 (b) 



5 x 10~ 19 (e) 
(2 - 8) x 10" 9 (g) 
(2 - 8) x 10" 9 (s) 
(0.2 - 1) x 10~ 9 (g) 
(0.4 - 4) x 10~ 9 (g) 



(a ) Ahmed et al. (2002) ; Brooks et al. (1999) 

(b) Grassi (2005) ; Ritt (2006) (c ) Bellgardt et al. (1988) 

(d ) Dohmen et al. (1993) (f ) Havasaka et al. (2007) 

(e) Kuno (2005) ; Sato et al. (2006) 

(g ) Akerovd et al. (2004) ; Bona et al. (2007c) 

(h ) Aubert et al. (2006i) (j ) Mivazaki et al. (2007a) 

(i ) Aubert et al. (2007e) ; Mivazaki et al. (2007b) 



Another interesting way to search for NP effects is to 
test lepton flavor universality in B — > Ke + e~ vs. B — * 
Kfi + pT decays. The decays into muons can be well mea- 
sured in hadronic environment, while the electron decays 
are easier to measure at a SFF. The current and expected 
future sensitivities of several LFV modes o f interest are 
summ arized in Table|X](for more details, see lRaidal et all 
(I2008D ). 

Extending to the leptonic sector the concept of 
minimal flavor violation, described in Section IIII.B1 
provid es an effectiv e field theory estimate of 



LFV (ICirigliano et all 



20051 : iDavidson and Palorinil 
120061 : iGrinstein et all . 120071 ). The minimal lepton 
flavor violation (MLFV) hypothesis supposes that 
the scale A^at at which the total lepton number gets 
broken is much larger than the mass scale App of 
the lig htest new partic l es ext ending the SM leptonic 
sector ( Cirigliano et all , 120051 ). These new particles 
could, for instance, be the sleptons of MSSM. The 
assumption of MLFV is that the new particles break 
flavor minimally, i.e. only through charged lepton and 
neutrino Yukawa matrices. 

MLFV predictions have several sources of theoretical 
uncertainties. First, unlike the quark sector the MFV 
prescription is not unique for the leptons because of the 
ambiguity in the neutrino sector. The minimal choice for 
the SM neutrino mass term is 



C 



1 



dim5 



2A 



LN 



-g^{Ltr 2 H){H T T 2 Li) + h.c. , (106) 



with g v a spurion of MLFV. This mass term could arise 
from integrating out heavy right-handed neutrinos. In 



this case there is an additional spurion y v from heavy 
neutrino-light neutrino Yukawa terms with g v ~ A^Aj,. 
This then changes the spurion analysis, giving different 
predictions on the size of LFV processes. Further am- 
biguities are due to unknown absolute size of neutrino 
masses, i.e. whether neutrinos have normal or inverted 
mass hierarchy, and from the size of CP violation in the 
leptonic sector. Most importantly, the minimal size of 
LFV effects is not fixed. Rescaling simultaneously the 
coupling matrix g v — > k 2 g v and the lepton number vi- 
olation scale Kln — *• k 2 Ap^ does not change the neu- 
trino mass matrix, while it changes B{ei — > e.j'i) — > 
fc 4 logfcS(ei — > ejj) (keeping App fixed at the same 
time). The rates of the lepton flavor violating processes 
therefore increase as the masses of the heavy neutri- 
nos are raised 7 . This dependence cancels in the ratio 
B(t — > n"/)/B([i — > ej). Normalizing to the charged- 
current decay 



B(h -» 



B(h -> Ijj) 
B(li — > Ijvv) 



(107) 



ICirigliano et all (|2005h obtain that B[n -> e 7 ) ~ (0.1 - 
10~ 4 ) x B(t — > fj,j) depending on the value of sin #13 
angle, with smaller values of B([i — ► e 7 ) obtained for 
smaller values of sin $13. Saturating the present exper- 
imental bound on £>(/! — ► e 7 ) at sin #13 ~ 0.05 gives 
B(t -> ni) ~ 10" 8 , within the reach of a SFF. 

A working example of MLFV model is for in- 
stan ce the CMSSM with three right-handed neutri- 
nos (jAntusch et all . 120061 ). The correlations between 
B((i — > e-f) and B(t — > /x 7 ) are shown in Fig. [5T] 
In this scenario the rate for /1 — > ej decay depends 
strongly on the value of the neutrino mixing parame- 
ter 6*i3, and could be hard to measure if 6*13 < 1°, 
whereas B(t — ► fij) is approximately independent of 
this parameter. For the choices of par ameters used in 
Fig. ED based on the Snowmass point 1 (jAllanach et all . 
2002), the rates of LFV processes are suppressed - much 
larger rates for B(t — > /17) are possible for other choices 
of NP parameters. Large LFV effects in charged lep- 
ton decays are found in other examples of extending 



supersvmmetry (lAgashe et all. 


2006; Babu and Kolda 


2002; Borzumati and Masiero, 1986; Ellis et al., 


2002 


Hisano et all. 


1996: Ilakovad [2000: Masiero et all. 


2004 


Pham, 19991). 



Embedding MFV in a GUT setup can lead to qual- 
itatively different conclusions. Now the effective weak 
Hamiltonian for Zj — > lj processes involves also the quark 
Yukawa couplings Y\j,d- This means that contrary to 
the MLFV case above, the \i — > e7 and r — ► /U 7 , e 7 rates 
cannot be arbitrarily suppressed by lowering Apjy. For 



7 They do decrease with increased App, the mass scale of low en- 
ergy NP particles (such as slepton), as for the most NP sensitive 
measurements. 
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FIG. 21 Correlation between B([i — > ey) and B(t — > fiy), and 
the dependence on the heaviest right-handed neutrino mass 
mjv 3 and the neutrino mixing angl e flig in constra i ned M SSM 
with three right-handed neutrinos (lAntusch et all . [2006T ) . For 
three values of mjv 3 , the range of predicted values for the 
lepton flavor violating branching fractions are illustrated for 
different values of #13 by scanning over other model param- 
eters. Horizontal and vertical dashed lines denote experi- 
mental bounds, with dotted lines showing estimated future 
sensitivities (note that these are almost an order of magni- 
tude too co nservative with regard to the SFF sensit ivity for 
B(r^fxj) (|Akerovd et all. 120041 ; iBona et all. I2007d 11. 



Aln < 10 12 GeV the GUT induced contribution con- 
trolled by Yu d starts to dominate, which in turn for 
NP scale A LF < 10 TeV gives B(n -> e-y) above 10" 13 
within reach of the MEG experiment (|Grassil .[2005). The 
MLFV and GUT-MFV scenarios can be distinguished 
by comparing different r and \x LFV rates. For in- 
stance, in the limit where quark-induced terms domi- 
nate one has B(t — ► ^7) oc A 4 and B(fi — > ej) cx A 10 , 
with A ~ 0.22, giving B(t — > n / y)/B(fi — ► ej) ~ 
O(10 4 ), which allows r -» /17 to be just below the 
present exclusion bound. Further information that dis- 
tinguishes the two scenarios can be obtained from r 

= ^i, e) , 7t° — > /i + e~, V —> tu (V 
and t, n — > Zi^2^3 decays (jCirigliano and Grinstei 
2006). Explicit realizations of LFV in supersym- 



11 



metric GUT models have been discussed in the lit- 
erature (IBarbieri and Hall 1 1994 IBarbieri et all . Il995t 



ICalibbi et all . 120061 : iGomez and Goldberd . 11996) . 



Similarly, correlations between different r and n de- 
cays fo r a general 2HDM have been derived ( Paradisil 
l2006al lbl). The decays \i — > and r — > ^7 were found to 
be the most sensitive probes that can be close to present 
experimental bounds, while correlations between differ- 
ent decays are a signature of the theory. 

In supersymmetric extensions of the SM, the U — > 
£j7* dipole operator typically dominates over the four- 
lepton operators, which leads to a simple prediction 



TABLE XI Comparison of various ratios of branching ratios 
in little Higgs model with T parity and in the MSS M with- 
out an d with significant Higgs contributions CBlan ke et all 
l2007al ). 

Ratio 

B(M->3e) 
S(/i-»e7) 
B(r->3e) 

B(t — 3m) 

B(t^/J7) 
B(T^e2p) 

B(r^e7) 
B(r^ M 2e) 

B(t^^7) 

B(r^3e) 
B(r^e2p) 

B(t->3m) 
B(r^/j2e) 
Jt(pTi->eTi) 

B(M^e7) 



LHT 


MSSM (dipole) 


MSSM (Higgs) 


0.4-2.5 


~ 6- 10" 3 


~ 6- 10 -3 


0.4-2.3 


~ 1 • 10" 2 


~ 1 • 10" 2 


0.4-2.3 


~ 2- 10~ 3 


0.06-0.1 


0.3-1.6 


~ 2' 10 -3 


0.02-0.04 


0.3-1.6 


~ 1 ■ 10" 2 


~ 1 • 10" 2 


1.3-1.7 


~ 5 


0.3-0.5 


1.2-1.6 


~ 0.2 


5-10 


10" 2 -10 2 


~ 5 • 10" 3 


0.08-0.15 



(|Brignole and RossiL I200I 

B(k — ► Ijlkh) 



B(k Ijj) 



an I 
7T V 



log- 



11 
T 



O(10~ 3 ) (108) 



If the off-diagonal slepton mass-matrix element 631 and 
tan (3 are large enough, the Higgs-mediated transitions 
can al ter this conclusi on. For instance in the decoupling 
limit (lParadisil l2006bl) 



B(t -> Ififjt) 3 + 5(5, 
B(t -> l-y) ~ 36~ 



O(0. 1) 



(109) 



In Little Higgs Models with T-parity on the other hand, 
Z and box-diagram contributions dominate over the 
radiative operators, which then gives distinctly different 
ratios of d ecay widths to those i n the MSSM, as shown in 
Table [XI] (jBlanke et all . l2007al ). In Little Higgs Models 
with T-parity with a NP scale / - 500 GeV, the LFV r 
decays can be seen at a SFF. In other mo dels r — > e7 , 
r — > M^ja or T — hi can be enhanced dBlack et al . 
2002t iBrignole and Rossi 120041: IChen and Gend feooeb: 
Cvetic et aU. l2002t Ide Gouvea and Jenkins . 12007 



Li et 



20061 : ISaha and Kundul . 120021 : IShert I2002T) . 
Further information on the LFV origin could be 
provided from Dalitz plot ana lysis of r — > 3 m with 



large enough data sampl es ( Dassinger et all . l2007t 
iMatsuzaki and San dal. l2007h . 



B. Tests of lepton flavor universality in tau decays 

A complementary window to NP is provided by pre- 
cise tests of lepton flavor universality in charged current 
t — * \wv and fj, — > evv decays. In the large tan/3 regime 
of MSSM the deviations arise from Higgs-mediated LFV 
amplitudes, where the effects are generated by LF- 
conserving but mass dependent couplings. This is com- 
plementary to K12 and B12 d ecays, where deviations are 
mainly due to LFV c ouplings ( Isidori and Paradisil l2006t 
iMasiero eiall l2006t) . 



4G 



It is important to note that, while most of the super- 
symmetric models discussed above were minimally flavor 
violating, this is far from being the only possibility still 
allowed by the LFV data. To first approximation the 
rare flavor changing charged lepton decays constrain the 
following combination of supersymmetric parameters 



~„ Am 2 .- 
sin 20?,— 



(110) 



where 9ij is the slepton mixing angle with i,j = 1,2,3 
the generation indices, while Arhjj and rh are the differ- 
ence and the average of rhij slepton masses, while for 
simplicity we suppress the L, R indices for left-handed 
and right-handed sleptons. Thus the flavor bounds can 
be obeyed either if the mixing angles are small or if the 
sleptons are mass degenerate. Interpolation between the 
two options exemplifies a set of realistic supersymmet- 
ric models discussed bv lFeng et all (|2007l ). where super- 
symmetry breaking mechanism was taken to be a com- 
bination of gauge mediated (leading to degeneracy) and 
gravity mediated supersymmetry breaking supplemented 
with horizontal symmetries (leading to alignment with 
split mass spectrum). 

The high pt processes at LHC experiments probe a 
different combination of FV supersymmetric couplings. 
For degenerate sleptons with large mixing one may ob- 
serve oscillations in U — > IjX or x§ ~~ * Ulj ~ * hljXi 
decay chains. This constrains (taking the limit of both 
sleptons having the same d ecay width T for simplicity) 
(jArkani-Hamed et all . fl996h 



sin 29 i 



(Arhij/rh 



^2 



(r/m) 2 + (Arhij / m) 2 ' 



(111) 



which should be compared with Eq. (jllOp . An example of 
constraints coming from the LHC and B(fi — > &y) based 
on a preliminary simulation in the cMSSM is shown in 
Fig[22] A qualitatively similar interplay of LHC and SFF 
constraints is expected for r — > /17. By having both the 
LHC high pt and low energy LFV measurements at high 
enough precision one is able to measure both the mixing 
angle and the mass splitting of the leptons, thus probing 
the nature of the supersymmetry breaking mechanism. 

On the experimental side, a SFF is an ideal experi- 
ment to study lepton flavor violating tau decays due to 



the large cross-section (cr(e + e 



0.003) nb at ^fs = 10.58 GeV (jBaneriee et q/.l . l2007t) ) and 
a clean environment. It has much better sensitivity than 
the LHC experime nts even for the appar e ntly f avourable 
r -> hmjl channel (|Santinellil . |2003 lUnell . [2005?) . 



The B factories have 



demonstrated 



the enormous 

potential for tau physics from an e + e _ collider run- 
ning at the T(4S). The current experimental up- 
per limits for most lepton flavor violating tau decays 
are at present in the 10~ 7 -1 ~ 8 range i Abe et al. . 
20071 120081: 1 Aubert et aZll2007efl :lH avasaka et all 12007: 
Mivazaki et all , l2006ll2007aD . indicating that a SFF will 
probe what is phenomenologically a highly interesting 




5ct(LHC) 

Br{fl->e-fi = 1.2X10"" 
Br(ll^>ej) = 1.0xl0~ 12 
Br(^ef) - l.OxlO" 14 



FIG. 22 The LHC reach for 196 ftr 1 in the fly-Am^ plane, 
and the line of the constant B(n — * &y) in cMSSM with 
tan/3 = 10, A = 0, M = 90 GeV, and M 1/2 = 250 
GeV l |Hisano et al.ll2002l ). 



range, up to two orders of magnitude below the existing 
bounds. 

For many of the LFV r channels, the only limitation 
is due to statistics - there are no significant backgrounds 
as the e + e~ — > t + t~ process provides a very distinc- 
tive signature, and the neutrinoless final state allows 
the four-momentum of the decaying tau lepton to be re- 
constructed. In the limit of negligible background, the 
achievable upper limit scales with the integrated lumi- 
nosity. 

Special consideration must be given to the radiative de- 
cays t fij and r — > ej, since for these channels there is 
an important background source from SM tau decays (eg. 
t — * hv^Vt) combined with a photon from initial state ra- 
diation. This irreducible backgroun d is already an impor- 
tant factor in the current ana lyses ( Aubert et all . [2005(1 
2006i; lHavasaka et all . 120071 ). and will be dominant at 
very high luminosities. Control of these backgrounds and 
other improvements in the analyses will have an impor- 
tant effect on the ultimate sensitivity of a SFF to lepton 
flavor violating tau decays. 



(0.919 ± C. CP Violation in the r system 



An observation of CP violation in r decays 
would provide an incontrovertible NP signal. Sev- 
eral NP models allow direct CP violation effects in 
hadronic r 



decays 



(Dat ta et all. 
120061 



2005 



2007 
ICros 



Davier et 



1994; 



20061 iDelepine et all 

Kuhn and Mirkesl . ll997f ). where the onl y SM background 
is th a t from daughte r neut ral kaons (jBigi and Sandal . 
120051 ICalderon et ail . I2007T) and is O(10" 3 ) in t ^ 
7rKgi/ T . Partial rate asymmetries, integrated over the 
phase space for the decay, can be measured with sub- 
percent precision at a SFF. A more comprehensive anal- 
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ysis re quires a study of the amplitude structure fu nc- 
tions ([Bona et all l2007d; iKuhn and Mirked . ll992al Tbh; 
these analyses can also be performed, but benefit from 
having a polarized beam to provide a reference axis. 

A polarized beam can also be used to make measure- 
ments of the t electric and magnetic dipole moments. 
For the EDM measurement, an improveme nt of three or- 
ders of magnitude on the present bounds (|lnami et all 
I2003D can be achieved (IBernabeu et al .1. 120071) . However 
this range can be saturated only by exotic NP models 
that can avoid stringent bound on the electric dipole 
moment of the electron. For the MDM, the anoma- 
lous moment could be mea sured for the first time at a 
SFF ()Bernabeu et aZ.I . I2008T) . 



XII. COMPARISON OF A SUPER FLAVOR FACTORY 
WITH LHCB 

Since a Super Flavor Factory will take data in the LHC 
era, it is reasonable to ask how its physics reach compares 
with the flavor physi cs potential of th e LHC experim ents, 
most notably LHCb (|Camilleril . [20071 : iNakadal . 120071 ) . By 
2014, the LHCb experiment is expected to have accumu- 
lated 10 fb _1 of data fro m pp collisions at a lu minosity 
of - 2 x 10 32 cm^s" 1 (|Buchalla et all l2008f) . More- 
over, LHCb is planning an upgrade where they would 
run at 10 times the initial desig n luminos i ty and record a 
data sample of about 100 fb" 1 (|Diikstral . [20071 ; iMuheiml 
12007b . 

The most striking outcome of any comparison between 
a SFF and LHCb is that the strengths of the two experi- 
ments are largely complementary. For example, the large 
boost of the B hadrons produced at LHCb allows time- 
dependent studies of the oscillations of B s mesons while 
many of the measurements that constitute the primary 
physics motivation for a SFF cannot be performed in a 
high multiplicity hadronic environment, for example, rare 
decay modes with missing energy such as B + — > £ + ve 
and B + — > K + vv. Measurements of the CKM matrix 
elements \V u b\ and \V c b\ and inclusive analyses of pro- 
cesses such as b — > and b — > s£ + £ ~ also benefit greatly 
from the clean and relatively simple e + e~ collider en- 
vironment. At LHCb the reconstruction efficiencies are 
reduced for channels containing several neutral particles 
and for studies where the B decay vertex must be de- 
termined from a Kg meson. Consequently, a SFF has 
unique potential to measure the photon polarization via 
mixing-induced CP violation in B^ — > Kgir°j. Sim- 
ilarly, a SFF is well placed to study possible NP ef- 
fects in hadronic b —> s penguin decays as it can mea- 
sure precisely the CP asymmetries in many B^ decay 
modes including (j)K°, rj'K , K°K%K° S and K° s tt°. While 
LHCb will have limited capability for these channels, it 
can perform complementary measurements using decay 
modes such as B® — > 07 and B® — ► <fxf> fo r radiative 
and h adronic b — * s transitions, respectively ( Camiller3 . 
I2007D . 



Where there is overlap, the strength of the SFF pro- 
gramme in its ability to use multiple approaches to reach 
the objective becomes apparent. For example, LHCb 
should be able to measu re a to about 5° precision using 
B — ► pix (INakadal . [2007h . but will not be able to access 
the full information in the nn and pp channels, which is 
necessary to reduce the uncertainty to the 1-2° level of 
a SFF. Similarly, LHCb can certainly measure sin(2/3) 
through mixing-induced CP violation in B^ — > J/ifjKg 
decay to high accuracy (about 0.01), but will have less 
sensitivity to make important complementary measure- 
ments (e.g., in J/ipir° and Dh°). While LHCb hopes to 
measure the angle 7 with a precision of 2-3°, extrapola- 
tions from current B factories show that a SFF is likely to 
be able to improve this precision to about 1°. LHCb can 
probably make a precise measurement of the zero of the 
forward-backward asymmetry in B° — > K*° fi + p~ , but a 
SFF can also measure the inclusive channel b — > s£ + £~ , 
which, as discussed in Section fVlII.B . 1 1 is theoretically a 
much cleaner and more powerful observable. The broader 
programme of a SFF thus provides a very comprehensive 
set of measurements in addition to its clean experimental 
environment and superior neutral detection capabilities. 
This will be of great importance for the study of flavor 
physics in the LHC era. 



XIII. SUMMARY 

In this review we have summarized the physics case for 
a Super Flavor Factory (SFF); our emphasis has been on 
searches for New Physics. Such a high luminosity ma- 
chine (integrating 50-75 ab" 1 ) will of course be a Super 
B Factory, but importantly has enormous potential for 
exposing New Physics not only in the B sector, but also 
in charm as well as in r lepton decays. 

In B physics the range of clean and powerful observ- 
ables is very extensive, see Table IXHl A quick inspection 
vividly shows that the SFF will extend the current reach 
from the B factories for many important observables by 
over an order of magnitude. Specifically, wc should be 
able to significantly improve the precision with which 
we can cleanly measure the angles "directly" and also 
determine sides of the unitarity triangle enhancing our 
knowledge of these fundamental parameters of the SM 
as well as checking for new physics effects in Bd mixing 
and in b — > d transitions. In addition, there are criti- 
cally important direct searches for New Physics that are 
also possible. For example, we should be able to mea- 
sure sin 2/3 from penguin-dominated b — > s modes with 
an accuracy of a few percent. This will either clearly 
establish the presence of a new CP-odd phase in b — ► s 
transitions or allow us to constrain it significantly. Im- 
proved measurements of direct and time-dependent CP 
asymmetries in a host of modes and the first results on 
the zero crossing of the forward-backward asymmetries 
in inclusive radiative b — > s£ + £~ decays will be exciting 
and extremely informative. Furthermore, a large class of 
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TABLE XII Expected sensitivitie s at a SFF compare d to current sensitivities for selected physics quantities. This table 
has been adapted fr om Table I of (iBrowder et all I2007T ) and also includes results from the HFAG (Heavy Flavor Averaging 
Group) compilation (|Barberio et all 120071 ). For some unitarity triangle quantities such as 7 and a, due to low statistics and 
non-gaussian behaviour of the uncertainties in current m easurements there is poor agreement on the fina l uncertainty in the 
world average. For example, for 7 the CKMfitter group (jCharles et all l2005h obtains ±31° while UTfit dBona et al ., 2006b) 
finds ±16° due to differences in statistical methodologies. For \V u b\ there is considerable debate on the treatment of theoretical 
errors. Representative values from the PDG minireview are given as an estimate for the current sensitivity entry below. 



Observable 


SFF sensitivity 


Current sensitivity 


sin(2/3) (J/i>K°) 


0.005-0.012 


0.025 


7 (DK) 


1-2° 


~ 31° (CKMfitter) 


a (7T7T, p7T, pp) 


1-2° 


~ 15° (CKMfitter) 


\V ub \(excl) 


3-5% 


~ 18% (PDG review) 


V u b I (incl) 


3-5% 


~ 8% (PDG review) 


P 


1.7-3.4% 


+20% 

-12% 


V 


0.7-1.7% 


4.6% 


S{<j)K°) 


0.02-0.03 


0.17 


s{n'K ) 


0.01-0.02 


0.07 


S(K S K S K°) 


0.02-0.03 


0.20 


B(B -> tv) 


3-4% 


30% 


B(B -> nv) 


5-6% 


not measured 


B(B -> Dtv) 


2-2.5% 


31% 


Acp(6 — > S7) 


0.004-0.005 


0.037 


— > s-y + d-y) 


0.01 


0.12 


B{B X dl ) 


5-10% 


-40% 


B(B -> (ry)/B(B -> K*j) 


3-4% 


16% 


S(K S 7T°y) 


0.02-0.03 


0.24 


S( P °l) 


0.08-0.12 


0.67 


B(B -> x s i+r) 


4-6% 


23% 


A FB (B — > X 3 £ + l~) s o 


4-6% 


not measured 


B(B -» Kvv) 


16-20% 


not measured 


4>D 


1-2° 


~ 20° 


B(t -* 11*1) 


2-8xl0" 9 


not seen, < 5.0 x 10~ 8 


B(t-> ftnii) 


0.2-1 xl0~ 9 


not seen, < (2-4) x 10" s 


B(t -f iirj) 


0.4-4xl0" 9 


not seen, < 5.1 x 10~ 8 



null tests will either constrain NP or reveal its presence. 

While the dramatic increase in luminosity at a SFF 
will allow significant improvements in many important 
existing measurements, the SFF also will provide an im- 
portant step change over the B factories in that many 
new channels and observables will become accessible for 
the first time. These include b — > dry, b — > d£ + £~ 
B -> K^vv and semi- inclusive hadronic modes. In ad- 
dition, sensitive probes of right-handed currents will be- 
come possible through measurements of time-dependent 
asymmetries in radiative b — ► S7 processes such as B — > 
Kstt°(p°)i, as well as transverse polarization of the r 
in semitauonic decays of B mesons. At the SFF, the 
high statistics and kinematic constraints of production 
at the T(4S I ) also will allow clean studies of many impor- 
tant inclusive processes in the recoil of fully reconstructed 



tagged B mesons. 

High luminosity charm studies will also be sensitive to 
the effects of new physics; the most important of these 
is a search for a new CP-odd phase in D mixing (<Pd) 
with a sensitivity of a few degrees. Improved studies 
of lepton flavor violation in r decays with much higher 
sensitivities could also prove to be extremely important 
in revealing new phenomena or allowing us to constrain 
it more effectively. 

A Super Flavor Factory will complement dedicated fla- 
vor studies at the LHC with its sensitivity to decay modes 
with photons and multiple neutrinos as well as inclusive 
processes. The SFF will extend the reach of the high 
Pt experiments at the LHC in many ways and will help 
us interpret whatever type of New Physics is discovered 
there. 
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